Treatment Evaluation for the Micritic Limestone at Mission San José y San Miguel de Aguayo, San Antonio, Texas by Correia, Jennifer M
University of Pennsylvania
ScholarlyCommons
Theses (Historic Preservation) Graduate Program in Historic Preservation
January 2005
Treatment Evaluation for the Micritic Limestone at
Mission San José y San Miguel de Aguayo, San
Antonio, Texas
Jennifer M. Correia
University of Pennsylvania
Follow this and additional works at: http://repository.upenn.edu/hp_theses
Presented to the Faculties of the University of Pennsylvania in Partial Fulfillment of the Requirements for the Degree of Master of Science in Historic
Preservation 2005.
Advisor: Frank G. Matero
This paper is posted at ScholarlyCommons. http://repository.upenn.edu/hp_theses/23
For more information, please contact libraryrepository@pobox.upenn.edu.
Correia, Jennifer M., "Treatment Evaluation for the Micritic Limestone at Mission San José y San Miguel de Aguayo, San Antonio,
Texas" (2005). Theses (Historic Preservation). 23.
http://repository.upenn.edu/hp_theses/23
Treatment Evaluation for the Micritic Limestone at Mission San José y San
Miguel de Aguayo, San Antonio, Texas
Abstract
The thesis is a treatment evaluation for the Sacristy Window micritic limestone at Mission San José y San
Miguel de Aguayo in San Antonio, Texas. To complete a comprehensive treatment analysis it was necessary to
use past research conducted seven years prior and to further analyze the stone before conducting laboratory
experiments. The goal of the treatment testing program is to be site-specific to address the problems of the
Sacristy Window limestone. To accurately characterize the stone it was necessary to conduct a re-survey of
relevant conditions and document the construction of the site. In addition, small samples were taken from
flaking areas for laboratory analysis. Results were analyzed to identify deterioration mechanisms. This step
ensured that the treatment evaluation addressed pertinent causes of deterioration at the site. The testing
program was organized in three phases. The first two were addressed in this thesis and the third is included in
the recommendations. Phase I research included the analysis of Sacristy Window limestone samples and
similar quarried Cordova Cream limestone intended for the testing program. Phase II tests first included salt-
contaminated and control stones separated into six treatment groups (G through L). This treatment program
was designed for use with a Hydroxilated Conversion Treatment (HCT) as a preconsolidant. Treatments
included salt-impregnation with calcium sulfate dehydrate and sodium nitrate into quarried Cordova Cream
limestone, desalination, salt-immobilization and preconsolidation. All treatment groups were analyzed with
Scanning Electron Microscopy (SEM) to determine efficacy of the preconsolidation treatments.
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Abstract Summary
The thesis is a treatment evaluation for the Sacristy Window micritic limestone at 
Mission San José y San Miguel de Aguayo in San Antonio, Texas.  To complete a 
comprehensive treatment analysis it was necessary to use past research conducted seven 
years prior and to further analyze the stone before conducting laboratory experiments.  
The goal of the treatment testing program is to be site-specific to address the problems of 
the Sacristy Window limestone.  To accurately characterize the stone it was necessary to 
conduct a re-survey of relevant conditions and document the construction of the site.  In 
addition, small samples were taken from flaking areas for laboratory analysis. Results 
were analyzed to identify deterioration mechanisms.  This step ensured that the treatment 
evaluation addressed pertinent causes of deterioration at the site.  The testing program 
was organized in three phases.  The first two were addressed in this thesis and the third is 
included in the recommendations.  Phase I research included the analysis of Sacristy 
Window limestone samples and similar quarried Cordova Cream limestone intended for 
the testing program.  Phase II tests first included salt-contaminated and control stones 
separated into six treatment groups (G through L).  This treatment program was designed 
for use with a Hydroxilated Conversion Treatment (HCT) as a preconsolidant.  
Treatments included salt-impregnation with calcium sulfate dehydrate and sodium nitrate 
into quarried Cordova Cream limestone, desalination, salt-immobilization and 
preconsolidation.  All treatment groups were analyzed with Scanning Electron 
Microscopy (SEM) to determine efficacy of the preconsolidation treatments. 
  1 
Chapter 1:  Introduction 
1.1 Research Objective 
This thesis seeks to evaluate consolidation options in preparation for the 
development of a suitable conservation treatment plan for the salt-contaminated 
sculptural limestone of the Sacristy or “Rose” Window at Mission San José y San Miguel 
de Aguayo in San Antonio, Texas (Figure 1).   
Figure 1:  Full View of Sacristy Window (November 2004).
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Research for the thesis is a continuation of previous work conducted by Katherine 
Ann McDowell in 1997 that, among other accomplishments, documented and 
investigated the deterioration of the Sacristy Window limestone.  The current scope 
includes a Geographic Information Systems (GIS) based condition survey update, 
additional analysis of Sacristy Window limestone samples, and treatment testing.  The 
present study confirms active -- and in fact accelerating deterioration -- of the basal 
stonework and the need for immediate intervention.  Today twenty-six percent of the 
lower stonework has destabilized representing significant areas of damage and loss.  As 
flaking and delamination continue, the architectural form of the carved details are 
compromised. 
A major component of the thesis has been the development of a testing program 
to evaluate the possible use of a new commercial consolidant for calcareous stone.  The 
product, HCT or Hydroxilated Conversion Treatment (ProSoCo) was developed 
specifically as a pre-consolidant for ethyl silicate on unpolished marbles and limestones.  
The goal of the testing program has been to examine use of this product for site-specific 
testing conditions (e.g., salt-contamination).   
Before testing the following information was collected: 
the type, location and quantity of salts in the Sacristy Window limestone.  
The supposition is that the highest quantity of salts will be located in the 
samples taken from the lowest locations, at or near current and past 
grades.
  3 
analysis of flaking and delamination in the last seven years.  Comparisons 
of the results to various factors, such as environment (exposure), stone 
composition and fabric, orientation, and past treatments to further 
understand the mechanisms of deterioration. 
assessment of deterioration mechanisms to identify test program 
parameters for treatment evaluation. 
The salt-contaminated friable micritic Sacristy Window limestone poses a 
complex treatment problem.  It is necessary to remove salts to have effective 
consolidation, but the stone is friable and cannot withstand manipulation without 
significant losses.    If the salt-contamination is dominated by gypsum (calcium sulfate 
dihydrate), barium hydroxide is a feasible treatment possibility to immobilize the salt 
prior to consolidation.  Poulticing is another means of removing salts from architectural 
stone.  However, a poultice may harm an unstable surface during the application and 
removal process, and gypsum is not very water-soluble.   
The hypothesis is that the immobilization of salts will best be attained by using 
barium hydroxide before stabilization/preconsolidation with HCT.  The barium hydroxide 
will target the calcium sulfate dehydrate and will not interfere with the calcium carbonate 
grains necessary as receptor sites for the HCT.
  4 
The laboratory test program proposes to: 
replicate similar conditions of the Sacristy Window limestone by inducing 
the same salts into similar stone samples. 
explore methods of sulfate salt-immobilization with a barium hydroxide 
treatment and desalination of nitrates and unconverted sulfates with 
poulticing.
investigate the efficacy of HCT when it is applied to stone that has been 
salt-contaminated, and what pre-treatments are necessary for the HCT to 
form a calcium tartrate tetrahydrate (CTT) layer on the stone. 
1.2 The Site 
Mission San Jose y San Miguel de Aguayo (San Jose) is one of four Spanish 
frontier missions that comprise San Antonio Missions National Historical Park.  
Established in 1978 (Figure 2), the park covers approximately 800 acres outside the city 
of San Antonio, and includes three other missions: Nuestra Señora de la Purísma 
Concepción de Acuña, San Juan Capistrano, and San Francisco de la Espada.1  San 
Antonio is in Bexar County in the Central Texas Hill Country, south of the state capital 
Austin.
1 San Antonio Missions National Historical Park website, home page. <www.nps.gov/saan/>   
  5 
The San José church is located on the southern end of the Mission complex 
(Figure 3).  The principal façade and Sacristy Window surround are decorated with 
elaborately carved stonework, typical of central and northern Mexico.
The Sacristy Window is located on the south wall of the Sacristy, itself located on 
the south elevation of the Church building.  The window measures approximately 5 – ½ 
feet in width and 10 feet in height.  (Figure 1).  The construction of the Sacristy Window 
has been dated to 1782, after the Church and Sacristy were finished, as the window was 
carved in place.  This later date is evidenced by Fr. Juan Agustín Morfi’s omission of the  
Figure 2:  View of the Sacristy and Church at Mission San José y San Miguel de Aguayo  
(November 2004). 
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Sacristy Window from his description of the Church in 1777.2  The design was executed 
in the 17th Century Spanish style, referred to as Churrigueresque.  Mission San José is 
one of the few sites in North America outside Mexico where this elaborately distinctive 
2 McDowell, Katherine Ann, Characterization and Conditions Assessment of the Sacristy Window Mission 
San José y San Miguel de Aguayo San Antonio, Texas,  (master’s thesis, University of Pennsylvania, 1997), 
p.3. 
Figure 3:  Plan of San José Mission.  Published by William Corner, San 
Antonio, 1890 (from The Art and Architecture of Spanish Missions, p. 66). 
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style of design was employed.3  The sculpture of the Sacristy Window is constructed 
from a soft micritic limestone most likely quarried nearby from the Austin Chalk Group 
formation.4  Condition survey assessments and existing photographs indicate that flaking 
and delamination are two modes of deterioration that have been prevalent since the latter 
half of the twentieth century and are currently active.
The Sacristy Window is undisputably a local and national icon that represents the 
state’s Spanish and Mexican colonial transitions, and especially the importance of the 
northern frontiers of New Spain.  The cultural and artistic significance of the church is 
evidenced by the high quality of its carved stone elements.  (Figure 4).   
3 McDowell, Katherine Ann, p.12.  
4 McDowell, Katherine Ann, p.19. 
  8 
Figure 4:  View of Sacristy Window and tower, ca. 1898-1952 before window 
was excavated.  Postcard published by Nic Tengg, San Antonio, Texas. 
9
Chapter 2:  Analysis of Past Treatments 
2.1  Treatment History 
Little is known of the condition and treatment history of the Sacristy Window until 
the late nineteenth century.1  After abandonement and a partial collapse of the north wall 
of the church in 1868, the Sacristy alone served as the place of worship,2 and remained in 
use until 1874 when another collapse, this time of the main church dome, caused further 
delay in church repairs.3
In 1902, a nonprofit entity began efforts to repair the structure.  Adina DeZavala and 
her chapter of Daughters of the Republic of Texas repaired cracks and replaced stone,4
and removed vegetation and fences around grave plots in the campo santo.  The Alamo 
Cement Company donated lime, mortar and cement for the efforts of DeZavala.5  Two 
more collapses occurred, one in 1917 (the north wall) and another in 1928 (the main 
tower),6   in both occurrences the Sacristy Window and carved portal were not affected.    
After the 1928 collapse Atlee B. Ayers worked with contractor Fritz Shutte to reconstruct 
the damage, and in depth documentation was prepared by Robert Leon White, a graduate 
1 McDowell, Katherine Ann, pp. 28-30. 
2 Ford Powell & Carson, “San Antonio Missions:  Condition Assessment and Preservation Analysis” Vol. 
II, (unpublished draft, San Antonio, 2003), p. 53. 
3 McDowell, Katherine, p. 30. 
4 McDowell, Katherine, p. 31. 
5 Ibid. 
6 Ibid. 
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student at the University of Texas, in 1930.7
In 1934 the Federal Civic Works Administration changed to the Works Progress 
Administration and a new management program was established for the church and 
Sacristy at the mission.  This program placed management in more than one organization 
and required the cooperation of the National Park Service (NPS), the Catholic Church 
and the State of Texas.  Harvey P. Smith, a local architect, was placed in charge of the 
reconstruction efforts and was helped by the NPS with history and archeology.8
Drawings and photographs by the Historic American Building Survey (HABS) were 
completed in 1936.9  A series of surveys were conducted by architect Eric Reed, who 
conducted the First Annual Assessment of conditions in 1947.10
The following year, Ernest Lenarduzzi of the Southern Monument Company in 
Houston was hired to restore missing sculptural elements of the church.  Contract 
specifications for stone identified “Austin Stone” for missing and broken elements, 
followed by waterproofing with Hydrozo®.11  The work was documented by “before” 
and “after” photographs taken in 1947 and 1949.12  Stone replacement in the Sacristy 
Window required the insertion of two stone Dutchmen directly below the cornice on the 
right and left hand sides; the areas are still visible today.  It is very likely that 
7 McDowell, Katherine Ann, p. 32. 
8McDowell, Katherine Ann, p. 34. 
9 Ibid. 
10 McDowell, Katherine Ann, p. 33. 
11 McDowell, Katherine, p. 34. 
12 McDowell, Katherine Ann, pp 34-35. 
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waterproofing was performed on all exterior elements, but was not specifically mentioned 
as excecuted.  The contract states that “Hydrozo® would be applied with a brush to the 
façade and that the Sacristy doorway would also be waterproofed.”13  The composition 
for the Hydrozo® product available in 1940 is not known.  Today Hydrozo® is a water 
repellent penetrating coating that is a synthetic resin gum.14  Today the company also 
sells Hyrozo Clear® that is a silicon-based water repellent.15
In 1950, a custodian discovered that the original carved base of the window was 
buried below ground; its concealment caused by a gradual grade increase.  Later in the 
1950s, the window was excavated to the present-day exposure.16  From photographs, it is 
apparent the Sacristy Window base was below grade from the late 19th century to 1950.  
(See Appendix B.) In the 1940s, there were several surveys and specifications that 
focused on providing protection to the Sacristy Window from weathering and tourists.  A 
survey in 1949 conducted by Carl W. Alleman, an NPS architect, and Erik Reed noted 
concern for the deterioration of the Sacristy Window.  This survey referred to earlier 
proposals for protection.  In 1946, noted concern for the window, prompted the 
suggestion of, “an artistic frame with plate glass to be placed over the Rose Window,”17
to protect the window from tourists, graffiti, and the elements.  In addition, Harvey P. 
Smith proposed that, copper flashing be installed above the cornice of the Sacristy 
13 McDowell, Katherine Ann, p. 35. 
14 McDowell, Katherine Ann, p.50. 
15 Ibid. 
16McDowell, Katherine Ann, p. 36. 
17 McDowell, Katherine Ann, p. 35. 
12  
window, presumably as an alternative to his original proposal for a ‘flagstone canopy.’18
Given that there was significant attention to the deterioration of the Sacristy Window 
before re-grading, it is likely that the deterioration of the window’s base may have 
accelerated as areas previously buried were exposed. 
Treatment to the Sacristy continued post excavation, and, in 1956, the exterior of the 
church was water proofed with an unspecified product.  The contract for the job was 
signed by Harvey P. Smith.19  Once again, the Sacristy Window was not specifically 
mentioned or included in the treatment contract.  Over ten years later, in 1968, Kuntz 
Construction was hired to re-point and water-proof the building.  The work was 
completed in the spring for an amount of $2,346.20  The water repellent, only specified as 
a silicone, was sprayed on the exterior walls.  Similar to the scope of the 1956 contract, 
the window was not included in specifications. 
In 1970, noted deterioration again prompted the NPS to attend to the Church and 
sacristy.  In this instance, “a large crack on the upper right-hand corner of the window,”21
prompted concern for an assessment of all the missions, and motivated a Moody 
Foundation Grant request.22  Several years later, in November of 1973, Giorgio Torraco 
of the International Centre for the Study of the Preservation and Restoration of Cultural 
Properties (ICCROM) visited the site and his report influenced subsequent treatments and 
18 Ibid.   
19 McDowell, Katherine Ann, p. 50. 
20 Ibid. 
21 McDowell, Katherine Ann, p. 36. 
22 Ibid.   
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studies.  Meeting minutes from the Old Spanish Missions Committee indicated that 
Torraca was to take samples for analysis in Rome, however no evidence was found to 
support the documented plan.23  “Excerpts from Torraca’s report in Ivey et al. (1993) 
stated that ‘the high moisture content of the stone masonry’ was the most serious problem 
at the mission, and that in many places the masonry was almost saturated to a height of 6-
10 feet above Ground level.”24  Furthermore, he stated that: 
The deterioration processes of wall paints and plasters, salt efflorescence 
and occasional stone decay appear to be a direct consequence of the humidity 
problem…  Restorations carried out in more recent times have frequently made 
the problem worse by the use of cement plasters that retard moisture 
evaporation.25
Before the excavation of the window in the 1950s, salts were not mentioned as a 
deterioration mechanism.  Torraca’s focus on salts was noted by organizations and 
individuals that conducted later studies.
In 1976 Alvin Meyer and Kirk Brown, of the School of Engineering at the 
University of Texas A & M, conducted a moisture and salt-focused study influenced by 
both Torraca’s and Meyer’s own on-site research in 1973.  The study conducted included:
“Scrapings and core samples taken at different heights and depths to determine 
concentration of salts. … Salt concentration should be lowest at the point where water 
23McDowell, Katherine Ann, p. 37. 
24McDowell, Katherine Ann, pp 36-37. 
25McDowell, Katherine Ann, p. 37. 
14  
enters the wall and greatest at the location where the water evaporates.”26  The second 
part of the study included temperature and humidity sensors in the wall.  Temperature 
was measured in conjunction with humidity so “vapor pressure and vapor pressure 
gradients could be determined to evaluate water movement and the magnitude of the 
driving force.”27  This study was also complemented by a soil moisture and 
characterization study conducted about the same time.28   “As reported by Raba and 
Associates Consulting Engineers, San Antonio, in 1975 the soil moisture in the area of 
the Church is relatively constant between 20 and 30% year round thus offering a 
potentially constant source of water.”29  The report ended with three recommendations 
that included: 
1. Ground level moisture accumulation provides a source of water that migrates 
from the foundation into the wall.  Impregnation with an epoxy or polymeric 
in the stone and mortar at ground level would help prevent absorption of 
moisture in to the wall. 
2.  The falling damp could be lessened by sealing the roof. 
3. The exterior and interior wall surfaces should be sealed with a penetrating 
sealer.  The walls should not be sealed unless one and two are completed.30
The study attributed sources of moisture to rising and falling damp, and 
26 Meyer, Alvin and Kirk Brown.  “Determination of the Causes of Deterioration at San José Mission 
National Historical Site”  (unpublished report Texas A&M University, College Station, Tx, 1976),  p. 3. 
27 Ibid. 
28 Raba and Associates Consulting Engineers, (unpublished study, San Antonio, TX, 1975). 
29Meyer, Alvin and Kirk Brown.  p. 6. 
30 Meyer, Alvin and Kirk Brown.  pp 7-9. 
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influenced subsequent restoration efforts to alleviate the falling and rising damp 
diagnosed in the report.  The information offered by this study and the 1976 Raba and 
Associates study provided the current restoration effort with sufficient information about 
past moisture and salt problems of the Sacristy Window and walls. 
The water-proofing specified in the earlier mentioned contracts was usually 
addressed by the application of chemical water repellents.  Documentation sometimes 
ended in the proposal form, and was not followed by contracts to indicate 
implementation.  Of the known applied water repellents, Chem-Stop water sealant was 
applied to the Sacristy in 1975, and is known to be an impermeable modified 
sterate/acrylic based water repellent.31  The Sacristy walls were cleaned with a 
hydroblaster before application of the sealant.32  The Sacristy Window was not included 
or addressed in the contract. 
In the last twenty years, the San Antonio-based architectural firm of Ford, Carson and 
Powell has been the primary professional team in charge of the maintenance and 
restoration of the Church and Sacristy buildings.  In 1983 as a part of a multi-phase 
preservation effort involving all of the Missions, stabilization work on the Sacristy 
Window included selective repointing and re-grouting and filling of eroded mortar joints 
31 McDowell Katherine, p. 52. 
32 Ibid.  Work was specified in a letter signed by Killis Almond of Ford Powell & Carson to Monsignor 
Grahmann on March 26, 1975.  Work was carried out and was paid for with a check in the amount of $875 
dated June 11, 1975. 
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in an area which ran from the cornice to the top of the window on the east and west.33  In 
the same restoration program, the window was structurally stabilized with, “a steel lintel 
on steel columns installed between the cut stone of the window and the casement sash.”34
The steel components were to support and prevent any downward slumping of the lintel, 
and the firm did not produce architectural drawings to document the installation.  Ford 
Carson and Powell also stabilized the Sacristy and Church roof in the 1980’s and in 1998.
This more recent effort included the application of a urethane/silicone system to prevent 
water from penetrating the roof into the interior.  (Figures 5 and 6).  The canales 
(scuppers) were also tested to ensure that water was draining out completely on the south 
elevation.35  The architectural firm also specified the consultation of a stone conservator 
to address the deterioration of the Sacristy Window. 
2.2 Current and Past Research 
In 1997 thesis research on the window was conducted by Katherine McDowell 
Frey.  Her work characterized the stone, original repairs, past treatments and documented 
current conditions.  McDowell stated that the repair stone was selected from the Walnut 
Formation in Travis and Williamson Counties by E. Lendaruzzi and Ethyl Harris.  This 
formation contains two types of stone:  a course fossiliferous limestone and a soft chalky 
limestone.  Texas Quarries opened in 1929 and still markets the two different types of 
stone taken from the formation as Cordova Shell (fossiliferous) and Cordova Cream 
33 Ford, Carson and Powell, p. 54. 
34 Ibid.  
35Ford, Carson and Powell, p. 44. 
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(chalk), both formerly referred to as Austin Stone36.  The information provided in this 
thesis is the basis for the author’s choice of testing stone, the Cordova Cream stone 
quarried by Texas Quarries.  McDowell also conducted chemical spot test analysis on 
samples taken from the window, and confirmed the presence of sulfates and chlorides; a 
negative result was determined for nitrates.37
Figure 5:  View of Sacristy roof and recent roof and parapet repairs
(November 2004).
36 McDowell, Katherine Ann.  pp. 19-20.
37 McDowell, Katherine Ann.  p. 89.
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Below Figure 6: View of Sacristy roof above Sacristy Window (November 2004).
Note water flows over the parapet and onto the walls and ground below.
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The chronology in Table 1 below summarizes important dates related to the 
Sacristy Window at Mission San José. 38
1859 Benedictines renovate Convento and soon after abandon the Mission. 
1902 Adina DeZavala and the DRT clear debris from 1868 and 1874 collapses. 
1917
Stabilization and partial rebuilding of the north wall, after collapse the same
year.
1928 Bell tower collapses and is rebuit the same year. 
1936 WPA starts work on the church, HABS drawings completed.
1946 First Annual Assessment of conditions by NPS. 
1948 Lenarduzzi restoration of façade, Sacristy Window and east doorway;waterproofing with Hydrozo. 
1950 Excavation of the Window and base to present-day (and original) grade. 
1956 Water-proofing of exterior with unspecified product. 
1968 Silicone water-proofing of exterior.
1973 Torraca study and report on site conditions. 
1975 Roof repairs and installation; two applications of water-proofing with Chem-Stop water repellant.
1976 Determination of the Causes of Deterioration at San Jose Mission National Historical Site, conducted by Texas A&M University School of Engineering. 
1981 Repointing and grouting and structural stabilization of the window. 
1988 Steel shoring secured with security bars.
1998 Roof stabilization with silicone/urethane coating.
38 Table adapted and modified from Katherine Ann McDowell’s Masters’ Thesis previously cited. 
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Chapter Three:  Pathology 
3.1 Site Description and Condition Survey
The goal of the November 2004 visit was to investigate site conditions, (i.e., roof 
and ground drainage) and to re-survey the stone deterioration of the Sacristy Window, 
last recorded in 1997.  Observed field conditions were corroborated through additional 
laboratory analysis and review of previous studies and reports. 
3.2 Site Conditions 
The window is located in the lower two-thirds of the south Sacristy wall and is 
surmounted by a low scallop-crenellated parapet wall which conceals the Sacristy’s 
multi-domed roof.  Drainage from the roof is largely by projecting stone scuppers which 
flank the window and divert the water in concentrated quantities to the ground below.  
During heavy rains, additional water flows from the roof over the parapet and down the 
walls from the parapet valleys.  Two such valleys flank the Sacristy Window and 
inadvertently cause water to saturate portions of the window enframement.  Black fungal 
biogrowth is visible on the walls surrounding the window and is heaviest at the inner 
crenelations of the parapet due to water saturation.  Heavy black fungal growth is also 
noticeable along the tops of the stone buttresses, but not on the parpapet tops as these are 
rendered with a modified mortar capping that most likely has a low permeability.  The 
flat window cornice is uniformly stained black with biogrowth from rain water saturation  
Water flow from the parapet and upper walls selectively wets the side blocks that both 
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extend across the wall and foliate carving that protrudes from the blocks.  Water-related 
staining, flaking, and mortar erosion of lateral masonry in these areas evidence this water 
flow.  All other areas of stonework are free from biogrowth and suggest low moisture 
content.
There is evidence of rising damp along the entire base of the south wall.  The 
mortar joints close to the ground (approximately one to one and a half feet above grade) 
are friable along the entire elevation below the scupper drainage and appear to have been 
repointed several times.  Although the grade was selectively lowered in front of the 
Sacristy Window, the ground on the south side has remained two feet above the late 19th
century grade level.  The brick and slate dry well around the Sacristy Window was 
installed after 1950 and before 1983.  The HABS photograph in Figure 7 shows the dry 
well fitted around the window in 1983, presumably to both reveal and protect the buried 
lower carved stonework of the window.  The dry well was fitted with a small drain which 
is believed to connect to a subsurface drainage system in the plaza.  This work was 
performed by the National Park Service, as they are responsible for all work done below 
ground, even around the Church.  Another subsurface drain located several feet away 
from the wall to the east of the window also drains the south area to collectors in the 
plaza beyond.  Direct water flow from the scuppers still saturates the ground in the 
immediate area of the south elevation of the sacristy which ultimately finds its way into 
the masonry wall.  
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Figure 7:  HABS drawing TX-333 photographed by Jet Lowe the summer of 1983 
showing fitted dry well. 
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3.3 Construction 
The window is constructed of eleven horizontal courses of stone.  Blocks vary in 
height depending on their location in the design.  The jamb blocks of the window are 
laterally keyed into the rubble wall as masonry bonded stone.  Similarly many if not all of 
the individual blocks are through-bonded into the wall, especially those load-bearing 
stones such as the voussoirs of the opening and the cornice.  The intricately carved 
elements of the window were most probably carved in place.  The dado spandrel under 
the window consists of two vertical blocks joined at a center line under the sill.  Overall 
the design is biaxially symmetrical, although there are subtle variations in the foliation 
which impart a lively quality to the overall design. 
3.4 Description of Masonry Units 
Masonry unit numbers on the elevation correspond to the masonry block numbers 
assigned during the condition assessment analysis using ArcView software.  Samples 
were removed from the Sacristy Window, and were in association with flaking and 
delaminating areas of the stone.  Sample locations and the masonry units can be seen in 
Appendix B. 
3.4.1 Course 1:  The stones are all oriented in their natural bed with bedding planes 
horizontal to the ground.
Unit 20 – Buff color and fine fossiliferous texture are with segregated 
orange mottling, and banding at top of unit with fossil clasts.  The stone is heavily 
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flaking across the top in this area.   
Unit 19 – The stone has the same characteristics as 20. 
Unit18 – Same as 19 with less flaking across the top. 
3.4.2  Course 2:  Shim stones are used to set the second course stones. 
Units 22/21 – Both stones are buff and fine in texture.  There is a tan 
surface patina or remnants of a coating.  Unit 22 has a pilaster face dark tan to 
grey in color, and is heavily flaking in the tan grey areas.  Samples D2-7 (center 
left) and D2-8 (center) were removed from this unit. 
3.4.3  Course 3:  Two side pilasters with central cartouche pilaster.  All the stones in the 
course have dark tan surface edges.  All of the stones in the course are face-bedded. 
Unit 26 – Course fossiliferous texture, upper half displays a ferruginous 
orange color.  There are areas of flaking and delamination that have caused a 
significant amount of dimensional loss.  There are thin stones in the head joint 
between Units 25 and 26.  Samples D4 (middle right) and D1 (lower center) were 
taken from this unit. 
Unit 25 – Same as Unit 26 with heavy salt nodules on the flaking and 
delaminating areas of the stone surface.  An area of original chisel tooling still 
exists on the top of the scroll.  Sample D2 (center right) was taken from this unit. 
Unit 24 – Condition and characteristics are the same as the other units in 
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the third course.  Large fossil clasts noted and are associated with areas of large 
pitting.  Detachment of the fossil clasts has caused differential weathering and has 
left pock marked surfaces.  Surface salts also associated with the areas around the 
fossil clasts.  Sample D5 (center) was taken from this unit.  
Unit 23 – The same conditions as the masonry block on the opposite end 
of the third course.  Samples D3 (bottom left) and D6 (top left) were taken from 
this unit. 
3.4.4  Course 4:  Surbase 
Unit 12 – A single capstone unit serves as the surbase of the pedestal 
spandrel.  The block encompasses the entire course and is fine textured with a 
dark tan color surface patina.  The stone is natural bedded. 
3.4.5  Course 5 
Unit 15 - A single unit encompasses the course and provides the window 
sill.  Flaking is seen in areas of water contact associated with the window sill.  
Water in the form of falling damp in areas of parapet flow provides lateral 
capillary absorption from the side rubble masonry wall.  Large orange clay and 
fossiliferous concretions have weathered out leaving voids in the surface.  There 
are noted failed surface mortar repairs in areas associated with flaking that are 
still active.  Orange colored fill repairs were made to graffiti on this block.  
Historic graffiti visible on patinated surfaces suggests that the block is not coated.  
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Flaking, salts and delamination are evident on the light colored areas of the block.  
Overall the unit is dark tan in color and fossiliferous.  Sample C1 (far left) was 
taken from this unit. 
3.4.6  Course 6
Unit 14 – Light buff with light tan patina unlike lower stones.  Damage 
loss in areas of carving are slightly lighter in color and not as fresh as salt related 
loss.
Unit 16 – Same characteristics as Unit 14.  The metal grille anchorage has 
caused spalling and loss of stone from corrosion where attached. 
3.4.7  Course 7
Units 13/17 – Both stones are light buff in color and fine in texture with 
surface patina.  There is noted flaking on the right side of Unit 17 that borders the 
rubble masonry wall.  This stone has more water contact than Unit 13 where the 
stone protrudes out.  Heavy biogrowth on the right is accompanied by flaking and 
delamination, all are water related.   
3.4.8  Course 8:  Voussoirs 
Units 5 to 1 – All stones are light in color and fine textured.  These stones 
are in generally good condition. 
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3.4.9  Course 9:  Frieze 
Units 6 to 10 - All stones are buff in color and fine textured.  Units 22 and 
24 are new replacement stones inserted in the 1930’s. 
3.4.10  Course 10:  Hood Cornice 
Unit 11 – A single masonry unit encompasses the course and provides 
protection for the window.  The stone is buff in color with a fine texture.  Flaking 
is noted in the soffit and heavy biogrowth across the whole, both are conditions 
associated with water. 
3.5 Condition Survey 
The condition survey update was conducted on site in November 2004 by Jennifer 
Correia and Frank Matero.  The methodology was based on the 1997 condition survey 
completed by Katherine McDowell Frey.  Two conditions -- delamination and flaking -- 
were noted to have increased significantly within the past ten years.  The survey was 
updated and all results were drawn in AutoCad and imported into a Geographic 
Information Systems (GIS) for analysis.  In addition to calculating area, the GIS software 
program was used to explore relationships across other site and material conditions, 
making it an ideal tool for additional analysis.
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The glossary definitions were consistent between the 1997 and 2004 surveys and 
are as follows: 
Flaking – The detachment or loss of small thin flakes not necessarily in 
association with bedding and stone orientation. 
Figure 8:  Flaking in the Sacristy Window base, left pilaster (November of 2004). 
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Delamination – The detachment and often partial loss of one or more surface 
layers of stone parallel to each other and in association with bedding and stone 
orientation.
Figure 9:  Delamination photographed in Sacristy Window base, right pilaster 
(November 2004). 
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Figure 10:  Condition Survey in progress (November 2004). 
Figure 11:  Sacristy Window base with areas of severe flaking and 
delamination (November 2004).  Compare with Figure 7. 
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Care was taken to execute the re-survey with the same glossary and drawing from 
1996-97, so that the survey was closely replicated.  A condition survey is affected by the 
interpretation of the surveyor and it is impossible to obtain results completely consistent 
between assessments by different surveyors.  (Figure 10).  In addition, there were 
physical constraints (access) that affected the visual interpretation of the upper portions 
of the window.  This was not a primary concern as the current research is focused on the 
lower base of the Sacristy Window, where conditions are the most severe.  (Figure 11). 
Although there is a small level of inconsistency, decay trends between the 1997 and 2004 
surveys are clear.  The results of the survey are in Appendix A.
3.6 Deterioration Mechanisms 
Of the conditions observed on the San Jose limestone and specifically those on 
the Sacristy Window, delamination and flaking are the most detrimental to the carved 
surface and appear to have accelerated over the past ten years.  This trend can be 
explained by several intrinsic and extrinsic factors as described below.
3.6.1  Past Analysis 
Previous thesis research conducted in 1997 by Katherine McDowell Frey included 
characterization of the stone and soluble salt analysis of limestone and mortar samples 
from the Sacristy Window.  Of the seven samples taken, four were removed from the 
window and three were flakes that had previously fallen to the ground.  One of the four 
samples removed was a fragment of mortar from an area located on the lower left proper 
side of the Sacristy Window, and another was efflorescence scraped from the surface.  
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The other two window samples and all three samples from the ground were of stone.1
Stone and mortar characterization included thin section petrography, scanning electron 
microscopy (SEM), energy dispersive spectroscopy (EDS) analysis, chemical spot testing 
for soluble salts, x-ray diffraction, water absorption, and acid solubility.2  The results of 
the past analyses provided information to help confirm current patterns and mechanisms 
of deterioration.  The two main factors responsible for the deterioration of the stone can 
be identified as burial-related moisture and salt contamination, and stone bedding 
orientation.
3.6.2  Intrinsic Factors 
The design of the Sacristy Window surround dictated the size, placement and 
orientation of the limestone masonry blocks.  Depending on the size of blocks available 
from the quarry--a function of bed depth and the presence of geologic joints--stone 
blocks were cut and installed to best accommodate the carved design.  Units were sized 
and placed to frame the opening:  horizontal slabs were used to create the lintel and sill 
and provide a water shed at the top and bottom.  The vertical jambs and reveals were 
fashioned from smaller units and positioned one above the other in a keyed fashion to 
provide an interlocking bond with the surrounding rubble masonry.  More than likely the 
detailed carving was performed in place after installation of the rough cut blocks.  Stone 
bedding and orientation was largely determined by unit size, shape, structural function, 
1 McDowell, Katherine Ann, pp. 54 – 57. 
2 Ibid. 
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and economy of material and labor.  For these reasons, units such as the lintel and sill are 
oriented in their natural bed and elements such as the jambs and under-spandrel below are 
face-bedded with bedding planes oriented parallel to the surface.  The masonry 
construction imparts an inherent performance problem as the bedding plane interface of 
this stone is poor and its vertical orientation increases susceptibility to water and 
subsequent flaking and delamination. 
Another inherent problem is the difference in the quality of stone throughout the 
window.  The stone at the base is coarser in texture and more yellow in color, overall the 
stone can be described as fine-textured and soft white to yellow (Musell 2.5Y/8/2 to 
Munsell 2.5Y/7/6) in color.3  Large inclusions of bioclasts protrude from the weathered 
surface of the basal spandrel stones as opposed to the lighter fine-grained carved surfaces 
above.  This difference in appearance and weatherability can be attributed to a higher 
fossil and clay content than the fine-grained limestone above, probably as a result of 
sourcing from two different beds and the orientation of the bedding planes parallel to the 
surface.  Both are inherent aspects of the stone and the masonry construction of the 
window that create a situation conducive to flaking and delamination of the surface.  
Previous petrographic analysis has identified the stone as a biomicrite, “a micrite matrix 
with skeletal grains forming allochems.  Micrite is defined as microcrystalline calcite 
with a grain size usually less than 4 microns.  Allochems are defined as particles or grains 
which in this case are composed of skeletal particles, or bioclasts, complete or 
3 McDowell, Katherine Ann, p. 58. 
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fragmented, of the hard parts of carbonate secreting organisms.”4
In addition to calcite, iron (possibly present as pyrite or limonite) and glauconite 
were identified as accessory minerals giving the stone its yellowish-greenish appearance.5
In addition to mineralogical content, petrographic examination revealed two types of 
micro-fabrics, visible as fine and coarse textures, as described above in the field 
inspection.  The finer micro-fabric is loosely cemented with many voids, particularly in 
areas associated with fossil inclusions.  The other micro-fabric displays a courser-
grained, more compact and well-cemented opaque matrix.  (Figure 12).  This material 
contains fossils in a variety of shapes and sizes.6  The stone that composes the base of the 
window is rich in fossils and dense, and likely composed of the latter micro-fabric.  The 
fossil-rich composition makes the stone prone to differential patterns of weathering.7
(Figure 13).  The 1997 condition survey noted areas where surface erosion was irregular 
with fossils standing proud of the surface or areas of loss associated with skeletal 
remains.   
4 McDowell, Katherine Ann, p. 63. 
5 McDowell, Katherine Ann, p. 59. 
6 McDowell, Katherine Ann, p. 59. 
7 McDowell, Katherine Ann, p. 60. 
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 Figure 12 (top):  Photomicrograph taken by K. McDowell, magnified 25x, plane polarized 
light.  Shows the course and fine matrices in the stone. 
Figure 13 (bottom):  Photomicrograph taken by K. McDowell, magnified 25x, cross 
polarized light.  Arrows point to evidence of stone deterioration in the fine stone matrix. 
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The stone is also acid-sensitive because of the high calcium-carbonate content.  
Acid solubility tests were a part of the 1997 stone characterization which identified acid 
solubility at 92% , with 7% insoluble fines and less than 1% coarser grains.8
3.6.3  Extrinsic Factors 
3.6.4.1  Burial 
From at least the late 19th century to the 1950’s the window was buried midway to 
the height of the under-spandrels.9  This was eventually rectified and the soil removed in 
1950, however it is unclear as to when the well and current drain were constructed.  
Giorgio Torraca reported in 1973 that there was no drainage system around the walls of 
the mission.  This suggests that the window well and drain were constructed after 197310
when the grade was lowered in the immediate area to reveal the base of the window and 
to prevent water from pooling in the dry well.  The HABS photo from 1983 (see Figure 
7) indicates that the dry well was in place, but does not provide evidence of an installed 
drain.
The long-term burial of the stone at the base has led to salt-contamination from 
ground water.  In addition wet-dry cycling from capillary rise (rising damp), in the area 
immediately above grade has caused salt damage from crystallization, dissolution and 
recrystallization of sulfate and nitrate salts, identified in Phase I research by X-Ray 
8 McDowell, Katherine Ann, p. 67. 
9 McDowell, Katherine Ann, p. 36. 
10 McDowell, Katherine Ann, pp. 36 – 38. 
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Diffraction analysis (XRD) and ion indicator strips.  Little to no soluble salts are found in 
the stone in areas above this zone (current grade to window sill) or in areas away from 
previous cementitious repairs thus indicating an extrinsic ground source.  This 
mechanism of salt decay was enhanced after the 1950s when the fill was eventually 
removed creating a larger active surface area to cycle in response to wetting and drying.  
Salt cycling causes damage as the bonds between grains are broken during hydration and 
crystallization.  The evaporation rate and salt supply are factors that effect salt zones of 
deposition.11  While the process is complex, the gross end result is surface flaking and 
delamination.  Efflorescence on the stone surface as small discreet pustules is visible 
evidence of the presence of salts and their continued cycling. 
In the 1997 research, two samples were analyzed using Scanning Electron 
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS).  One sample was taken 
from the upper right side of the Sacristy Window and the other was a detached piece at 
the base of the window.  Neither sample detected the presence of salts.  Both samples 
were calcium rich (calcium carbonate) as expected with small amounts of silicon and 
aluminum (attributed to clays) and differed in other detected elements.12  The sample 
removed from the window indicated that there were trace elements of magnesium, 
potassium and iron.  The sample removed from the ground had a higher amount of silicon 
and aluminum possibly caused by the presence of more clays; the silicon amount may 
11 Zehnder, Konrad and Andreas Arnold,  “Crystal Growth in Salt Efflorescence”  Journal of Crystal 
Growth,  Vol 97 (North Holland, Amsterdam:  Elsevier Science Publishers B.V., 1989), p. 518 
12 McDowell, Katherine, p. 71. 
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also be attributed to remaining silicone-based coatings.13  This sample detected trace 
elements of magnesium, phosphorous, sulfur, and potassium.14
In the same research campaign as above, a qualitative salt analysis was conducted 
on three samples.  One of the three samples was taken from a detached piece of stone at 
the base of the window, another was efflorescence removed from the surface of the lower 
portion of the window and the final sample was mortar removed from the lower side of 
the window.15  Micro-chemical spot tests were conducted on the efflorescence sample for 
carbonates, sulfates, nitrates, phosphates and chlorides; positive results were reported for 
carbonates, sulfates and chlorides.16  The stone and mortar samples were spot tested for 
sulfates, chlorides and nitrates.  Only chlorides were detected in the mortar sample.17
The lack of sulfates in the mortar and stone samples suggests that sulfates are more than 
likely from the soil or ground water; however this does not preclude the use of Portland 
cement in the mortar.   
Additional salt analysis was continued in 2005 whereby semi-quantitative 
methods were performed on nine samples removed from the Sacristy Window.  Again 
sulfates were found in addition to nitrates and both appear to originate from soil and 
groundwater sources.  The results are discussed in Chapter Six and illustrated in 
Appendix B. 
13 Ibid. 
14 Ibid. 
15 McDowell, Katherine, p. 87. 
16 McDowell, Katherine, p. 88. 
17 McDowell, Katherine, p. 89. 
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Nitrates are commonly found in ground conditions, especially where plant and 
animal life abounds, and where fertilizers are used.  As for gypsum (sulfates), Texas is 
the second leading United States producer of sulfur in the form of gypsum.18  Figure 14 is 
a map that shows where Killeen County is noted for gypsum production.  The county is 
also upriver from San Antonio, in Bexar County.  Although, sulfur is not specifically
mentioned as an extracted mineral resource in the San Antonio area, it is likely to be 
found in the soil and groundwater.  Additionally, according to the United States 
Geological Survey Minerals Yearbook of 2003, Texas led the nation in recovered sulfur 
production.19  Recovered elemental sulfur is produced primarily during the processing of 
natural gas and crude petroleum.20  The presence of sulfates in a variety of forms, from 
gypsum to sulfer gas, supports the argument that the primary cause of salt-contamination 
is burial.
18 U. S. Geological Survey and the University of Texas at Austin, Bureau of Economic Geology, “The 
Mineral Industry of Texas” p. 2  <minerals.usgs.gov/minerals/pubs/state/2003/txstmyb03.pdf >  Collection 
of information on all nonfuel minerals. 
19 Ober, Joyce, “Sulfur” United States Geological Survey Minerals Yearbook (2003).  
http://minerals.usgs.gov/minerals/pubs/commodity/sulfur/sulfumyb03.pdf 
20 Ober, Joyce, p. 1. 
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Figure 14:  Map indicating presence of sulfate minerals in the nearby vicinity of Mission 
San José.  <minerals.usgs.gov/minerals/pubs/commodity/sulfu/sulfumyb03.pdf> 
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3.6.4.2  Moisture 
Past studies have noted moisture as a deterioration mechanism.  In the 1970s, a 
study by Giorgio Torraca led to focus on the water-related problems of rising damp, 
falling damp and condensation.  Ground contact allows moisture to penetrate the stone 
and rise through capillary action.  Given that the stone was below grade for a long period 
of time, the absorption of ground water facilitated the accumulation of soluble salts 
within the stone.  Water saturation from normal direct rainfall on the upper elements of 
the window is obvious by the heavy black fungal biogrowth present.  Falling damp 
problems were exacerbated as water was able to pool on the parapet roof above the 
window and flow in washes down through the inter-crenulations of the parapets on either 
side of the window.  In addition, this wetting process saturated the immediate ground, 
thus creating a source for rising damp.  (See Figure 15).  Torraca and a study by the 
Engineering School at Texas A&M identified condensation as a third source of moisture.  
Condensation creates a moisture source to activate salts already present in the stone.  
Rising damp may lend lower areas of the Window more prone to condensation where the 
moisture supply exceeds the rate of evaporation.21  Condensation indicates a fluctuation 
in moisture that allows the salts that entered through burial to move through the stone 
during wet/dry cycling as the salts hydrate and recrystallize.  Moisture fluctuations can be 
21 Snethlage, R. and E. Wendler,  “Moisture Cycles and Sandstone Degradation”  Saving our Architectural 
Heritage:  The Conservation of Historic Stone Structure, edited by N. S. Baer and R. Snethlage (John 
Wiley & Sons:  Lo, 1997), p. 21.  The article addresses moisture cycles in sandstone but states that similar 
results are expected in limestone, particularly calcareous limestones, as they exhibit similar modes of 
deterioration such as flaking and delamination. 
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caused by rain, condensation or changes in humidity.22  Moisture is most damaging when 
in the presence of salts.  Zones occur parallel to the surface at varying depths that are 
prone to attract moisture and salt deposition, which eventually leads to flaking or 
delamination, depending on the depth of the zone, as the stone undergoes wet/dry 
cycles.23
In addition to research in the 1970s, an evaluation of the moisture properties of 
the Sacristy Window limestone was conducted on-site in 1997.  Rilem water induction 
22 Snethlage, R. and E. Wendler, p. 22. 
23 Snethlage, R. and E. Wendler, p. 17. 
Figure 15:  Water flow and drainage patterns around the Sacristy Window, rainy day 
November 2004.  Note ground and wall saturation related to scupper drainage. 
  43  
tubes were placed at ten locations on the Sacristy Window to test water absorption under 
low pressure.  Only three of the ten locations absorbed over 1 cm3 of water over the 60 
minute time period24.  One of the three samples was associated with flaking stone.  All 
rates of water absorption for these samples were below 0.45 cm3/ minute.25  The rate of 
absorption is fairly low and may be attributed to the densely packed structure of the 
micritic limestone or the possible presence of a remaining water-repellent coating. 
3.6.4.3  Past Chemical Treatments 
Past treatments to the window stonework were primarily water repellents applied 
prior to the 1970s;26 however potentially harmful high-pressure water cleaning and other 
applied coatings may have occurred some time before.27  A review of the chronology of 
past treatments is discussed in Chapter Two.   
While past treatments may account for some of the anomalous patterns of 
deterioration, the most progressed and consistent deterioration exists at the base of the 
window, and remains the area in most need of attention for stabilization.  As stone is lost 
through delamination and flaking, the sculptural form is compromised.  If the 
deterioration of the window is allowed to progress without intervention, there will be loss 
of not only the finely carved surface but also the overall architectural legibility and 
structural stability of the individual stone blocks.
24 McDowell, Katherine Ann, p. 86. 
25 Ibid. 
26 McDowell, Katherine Ann, p. 50. 
27 McDowell, Katherine Ann, p. 52. 
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3.7 Assessments 
3.7.1  GIS 
Information provided by comparison of the two surveys indicates that there has 
been a significant increase in both flaking and delamination over the last seven years.  
Tables 2 and 3 contain a calculated area of delamination and flaking both in 1997 and 
2004.  The information in Table 2 for flaking, indicates a negative change for four 
masonry units.  This negative change suggests an error likely caused by changes in 
perception between surveyors.  All of these units are the upper elements of the Sacristy 
Window, and the 2004 survey faced constraints for viewing these upper elements.  In 
addition, the thesis concentrates on the limestone of the lower portions of the window.  
From 1997 to 2004, overall flaking increased from 10% to 20% or a 50% increase, and 
delamination increased from 2% to 6% or a 33% increase.  Both the increased amount 
and assumed rate of damage in this time period relative to previous time-based 
comparisons is cause for great concern.  Historical photographs provide sufficient visual 
information to aid in the conclusion that the Sacristy Window limestone, particularly at 
the base is experiencing an increased rate of deterioration.  The mechanisms of 
deterioration described above all contribute to the physical weathering and aging of the 
limestone, however recent climate changes may be responsible for the increase in 
deterioration over the past decade.   
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Table 2:  GIS Calculations for Flaking in 1997 and 2004 
Unit
No. 
Unit Area 
(sq in) 
Flaking 
2004 
Area
(sq in) 
Flaking 
2004 
%
Flaking 
1997 
Area
(sq in) 
Flaking 
1997 
%
% Change 
from
1997 to 2004 
1 721.15 37.00 5.13 20.70 2.87 2.26 
2 250.56 0.00 0.00 0.00 0.00 0.00 
3 186.50 4.27 2.29 0.48 0.25 2.04 
4 273.49 49.01 17.92 57.90 21.17 -3.25 
5 725.48 61.29 8.45 37.64 5.19 3.26 
6 70.44 7.50 10.64 7.56 10.73 -0.08 
7 112.66 0.00 0.00 0.00 0.00 0.00 
8 146.04 12.21 8.36 0.00 0.00 8.36 
9 98.17 0.00 0.00 0.00 0.00 0.00 
10 63.95 32.05 50.12 38.09 59.56 -9.43 
11 1116.13 18.85 1.69 49.00 4.39 -2.70 
12 824.32 46.25 5.61 2.97 0.36 5.25 
13 948.52 155.76 16.42 80.58 8.50 7.93 
14 781.24 159.61 20.43 88.09 11.28 9.15 
15 1397.41 178.81 12.80 92.69 6.63 6.16 
16 707.35 121.18 17.13 113.80 16.09 1.04 
17 1017.28 177.17 17.42 175.64 17.27 0.15 
18 145.48 44.68 30.71 13.89 9.54 21.17 
19 122.67 42.69 34.80 16.42 13.38 21.41 
20 221.48 101.07 45.63 55.81 25.20 20.43 
21 361.46 221.67 61.33 138.83 38.41 22.92 
22 346.84 169.74 48.94 83.81 24.16 24.77 
23 511.40 230.68 45.11 41.29 8.07 37.03 
24 536.39 135.84 25.32 35.97 6.71 18.62 
25 535.18 191.07 35.70 49.82 9.31 26.39 
26 537.34 331.54 61.70 89.30 16.62 45.08 
       
Totals 
12759 sq. in. 2530 sq. in. 20% 1290 sq. in. 10% 50% 
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Table 3:  GIS Calculations for Delamination in 1997 and 2004 
Unit
No. 
Unit Area   
(sq in) 
Delam. 
2004 
Area
(sq in) 
Delam. 
2004 
%
Delam. 
1997 
Area
(sq in) 
Delam. 
1997 
%
% Change 
from 1997 to 
2004 
1 721.15 0.00 0.00 0.00 0.00 0.00 
2 250.56 0.00 0.00 0.00 0.00 0.00 
3 186.50 0.00 0.00 0.00 0.00 0.00 
4 273.49 4.16 1.52 0.00 0.00 1.52 
5 725.48 0.00 0.00 0.00 0.00 0.00 
6 70.44 0.00 0.00 0.00 0.00 0.00 
7 112.66 0.00 0.00 0.00 0.00 0.00 
8 146.04 0.00 0.00 0.00 0.00 0.00 
9 98.17 0.00 0.00 0.00 0.00 0.00 
10 63.95 0.00 0.00 0.00 0.00 0.00 
11 1116.13 0.00 0.00 0.00 0.00 0.00 
12 824.32 0.00 0.00 0.00 0.00 0.00 
13 948.52 0.00 0.00 0.00 0.00 0.00 
14 781.24 0.00 0.00 0.00 0.00 0.00 
15 1397.41 0.00 0.00 0.00 0.00 0.00 
16 707.35 12.93 1.83 10.00 1.41 0.41 
17 1017.28 242.80 23.87 192.45 18.92 4.95 
18 145.48 0.02 0.01 0.00 0.00 0.01 
19 122.67 16.56 13.50 0.10 0.08 13.42 
20 221.48 11.45 5.17 0.00 0.00 5.17 
21 361.46 73.14 20.23 10.59 2.93 17.30 
22 346.84 49.49 14.27 1.92 0.55 13.72 
23 511.40 86.64 16.94 0.87 0.17 16.77 
24 536.39 51.01 9.51 5.07 0.94 8.56 
25 535.18 56.61 10.58 0.79 0.15 10.43 
26 537.34 182.22 33.91 18.08 3.37 30.55 
       
Totals 
12759sq. in. 787 sq. in. 6% 240 sq. in. 2% 33% 
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3.7.2  Climate 
Climatological records indicate that Texas, particularly the San Antonio area, has 
had a considerable increase in precipitation over the past ten years relative to the years 
before.  Last year, 2004 ended with a rainfall amount that produced the third wettest year 
on record, and less than two inches below the wettest recorded year in 1919.28  The high 
rainfall follows a drier weather pattern throughout the 1990s when “La Niña” was active.  
La Niña is a high pressure wind pattern that is the opposite cycle of El Niño.29  The 
wetter El Niño pattern is caused by moisture brought in to the western half of the United 
States ending in the Gulf of Mexico.  Larry Eblen, a meteorologist with the Weather 
Service’s Austin/San Antonio office stated that El Niño-driven rains are more evenly 
distributed throughout the year and keep grounds saturated which generates more runoff 
even with smaller rainfall amounts.30  In 1999 an analysis of precipitation patterns in the 
Central Texas Blackland Prairie was determined, and included the greater San Antonio 
area from1939 to 1999.  The research concluded that there was an overall increased 
rainfall, evidenced by a significant increase in October rainfall, non-spring rainfall, and 
the number of days of rainfall in summer and fall.31  The supposition that the El Niño 
weather pattern is beginning is based on increased rainfall in the area.  A more constant 
28 Williams, John, “2004 was a Very Good Year for Texas Water Resources”  Lower Colorado River 
Authority  (February 1, 2005), p. 1. 
29 Strayhorn, Carole Keeton, “Texas and the Drought:  A Special Economic Report”  Texas Comptroller of 
Public Account  (June 1996). 
30 Williams, John, p.  2 
31 Harmel, Daren R., et al,  “Analysis of Long-Tern Precipitation for the Central Texas Blackland Prairie:  
1939 to 1999”  p.484. 
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year-round rainfall pattern would produce increases in both falling and rising damp.  As 
water is the catalyst for salt-induced deterioration, an increase in the amount and 
frequency of precipitation could account for the increased rate of damage observed for 
the salt-contaminated basal stonework of the Sacristy Window stonework.   
3.7.3  Overall Patterns of Deterioration 
Salt contamination from partial burial in conjunction with rising damp is the most 
likely explanation for the concentration of flaking and delamination damage observed on 
the base stone.  This damage has been exacerbated by the face-beaded orientation of the 
spandrel stones.  Although ground salts most likely were also the principal agents of 
deterioration associated with rising damp at grade over many years, the lower carved 
portions of the window were not in direct contact with the soil.  Burial allows salts to 
enter the stone in solution, however the burial environment is generally more stable, 
causing salt crystallization to occur less frequently or more slowly.  The immediate 
exposure of the buried lower stonework from excavation set in motion salt-cycling 
responsible for the rapid decay of the lower stone elements. 
 While visual recording can establish types and patterns of deterioration, GIS 
software was able to calculate condition areas to provide quantitative comparisons and 
assessments.  The condition survey illustrated in Appendix A indicates the orientation of 
the stone along with the conditions in 2004 and 1997.  The increase in flaking and 
delamination are likely attributed to water, salt-contamination, and bedding.  
Delamination corresponds more to face-bedded stones, while flaking is noted generally 
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across the lower window and is a function of stone porosity and permeability.    However 
the greatest occurrence of conditions is in the lower one-third of the window.  There is no 
delamination above stone units 13/17.  Delamination above unit 12 is only on the right 
side of the window and primarily on the right-most side of unit 17, and associated with 
water contact from above as seen in Figure 15.  The most progressed areas of decay are 
noted in the face-bedded stones below masonry unit 12.  Masonry unit 26 has the highest 
percent increase of flaking (45%), with 17% in 1997 and 62% in 2004.   
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Chapter Four:  Treatment 
4.1 Introduction 
Deterioration mechanisms often advance the weathering of stone by increasing 
porosity and/or permeability and reducing strength.  The intergranular structure weakens, 
and the loss of cohesive strength means the breakdown or weakening of stabilizing 
forces.  Consolidation is needed to re-establish contact between the grains.1  A 
consolidant can act as a binder and strengthen the crystalline matrix of the stone.  
Consolidation products can perform by bridging, indenting and/or film forming.2
It is only necessary to consolidate the stressed areas of the grain structure.  Since 
this can be achieved with liquid impregnation materials, the term “consolidation” is used 
instead of “strengthening”.3  The choice in terminology influences the intent of such 
treatments.  The concept of returning stone to a specific strength is important as greater 
strength is not necessarily better.  The consolidant should bridge the grain structure from 
the narrowest pores, and should then extend to the macropores without completely filling 
them.4  Theoretically consolidation treatments should aim to return the altered properties 
to their starting point and not to make the stone different than its original structure.5  It is 
1 Sasse, H. Rainer and R. Snethlage,  “Evaluation of Stone Consolidation Treatments.”  The ICCROM 
International Colloquium, Rome, June 19-21, 1995 (Rome:ICCROM, June 1995), p. 87. 
2 Sasse and Snethlage, p. 236. 
3 Sasse and Snethlage, p. 235.  The term consolidation is used in civil engineering for increasing the load-
bearing capacity of weak masonry systems by polymer injection.   
4 Sasse and Snethlage, p. 236. 
5 Sasse and Snethlage, p. 86. 
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important that the stone retain certain physical properties, such as water vapor 
transmission, that allow the behavior of the stone to be somewhat homogenous across the 
given unit or structure.  Hydrophobicity may be induced by consolidation and can have 
beneficial results in reducing liquid water uptake, and facilitating movement of salts to 
the surface.  Choice of consolidants for evaluation in this thesis testing program was 
dictated by new developments in the field, especially for the consolidation of calcareous 
stones.  The testing program was also shaped by the preparations necessary to apply 
consolidants to the stone, such as desalination, salt-immobilization and preconsolidation 
actions.
4.2 Alkoxysilanes 
Alkoxysilanes have been among the most frequently tested and applied treatments 
in the last thirty years, as they became commercially available in the 1970s.6  Particulary 
the use of TEOS-based consolidants has been well established in scientific literature, 
mostly for silicate building materials.  The use of these types of consolidants on 
carbonate-based stones has been more problematic.7  These consolidants are based on the 
element silicon and their use has experienced a renaissance in the past ten years, 
indicated by the frequency in the literature review (Appendix F).  Development within 
these silicate-based commercial products has paralleled trends in the industry with 
6 Weiss, Norman, Irving Slavid and George Wheeler, “Development and Assessment of a Conversion 
Treatment for Calcareous Stone,” Deterioration and Conservation of Stone.  Proceedings from the Ninth 
International Stone Congress, Venice, 2000 edited by Vasco Fassina (Oxford:  Elseivier, 2000), p. 533. 
7Ibid. 
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innovation of new products and modification of old products.  Alkoxysilanes have 
produced fairly consistent and desirable results for silicate based stones; however testing 
has revealed inconsistencies with use of consolidants on carbonate-based stones.  In the 
last ten years there have been several experiments conducted that modified alkoxysilane 
consolidants to create compounds that can be used in conjunction (sequential or mixture) 
with silicate-based consolidants that allow the compound to create a better bond with 
calcite grains.8  Furthermore, modifications to ethyl silicate consolidants include new 
product development and additives to impart added benefits such as hydrophobicity.
4.2.1  History 
Silicone ester and ethyl silicate consolidants predate their commercial 
availability by almost a century.  A form of ethyl silicate was used in London as early as 
1861.9  Wacker Chemie was the first company to market ethyl silicates in 1972; the 
company is based in Germany and represented in the United States by ProSoCo since the 
mid-1980s.10  In 1996, the Eighth International Congress on the Deterioration of Stone 
focused discussion on the topic of ethyl silicates and how they perform differently on 
silicate versus carbonate stones.  The focus in 1996 reflects recent interest in the 
architectural conservation field, and conservators continue to examine the failures or 
incompatibility of ethyl silicate consolidants with calcareous and dolomitic stones.  Some 
of the tests performed in the mid-nineties focused on individual calcite grains to examine 
8   Ibid. 
9 Weiss, Norman R., “Chemical Treatments for Masonry:  An American History,” APT Bulletin Vol. 
XXVI, 2-3 (1995), p. 13. 
10 Ibid.  
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the bonding of various silicate-based products to crystals.11
4.2.2  Types and Properties 
Alkoxysilanes include ethyl silicate, alkyl alkoxysilanes, siloxanes, and silicones.  
These consolidants are based on orthosilicic acid that is composed of silicon and 
hydroxide.  Some formulas of these consolidants replace the hydrogen in the hydroxide 
with alkyl groups, such as methyl (-CH3) or ethyl (-C2H5)12; the compound is then 
technically defined as an alkoxysilane.  The terminology for siliceous containing 
consolidants varies greatly between the technical and common names, and is important to 
remember when choosing a consolidant.  Silicate esters are commercially referred to as 
ethyl silicates, which can mislead conservators and stresses the importance of researching 
the contents of chosen products.  Manufacturing data labels and other commercial 
information is a useful tool to understand the mechanisms of the consolidant.  The silanes 
used in stone conservation are alkoxy silanes and silicate esters.  They are all derivatives 
of silane, SiH4, where one or more of the Si-H bonds have been replaced by Si-O bonds.  
True alkoxy silanes polymerize to form polymers with water repellent properties, but are 
still water vapor permeable.”13  Silicate esters polymerize to form polymers based on a 
silica lattice which are not water repellent.   The absence of a methyl group decreases the 
11 Goins, Wheeler, Segan and Wybyski, “Alkoxysilane Film Formation on Quartz and Calcite Crystal 
Surfaces,” Deterioration and Conservation of Stone.  Proceedings from the Eighth International Stone 
Congress, Berlin, 1996 Vol. 2 (Berlin:  Christel Riederer, 1996), pp 1255-1264.  
12 Brackin, Ann, A Comparative Study of the Effects of Applying Acrylics and Silanes in Sequence and in 
Mixture, with a Case Study of The Column in the Convento of Mission San José y San Miguel de Aguayo, 
Texas (Master’s thesis, University of Pennsylvania, 1994), pp. 10-20. 
13 Bradley, Susan, “An Introduction to the Use of Silanes in Stone Conservation,” Geological Curator
Vol.4, No. 7 (1987), pp. 427. 
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hydrophobicity of this treatment.   
Table 414
Type   Chemical Constituent       Example Commercial  
                Products 
______________________________________________________________________
Silicate ester       Tetraethoxysilane (TEOS)      Conservare OH100      
(commercially known as ethyl silicate)                                        Wacker Chemie GMBH 
Alkoxysilane Methyltrimethoxysilane (MTMOS)     T40140, Dow Corning 
               Dynasylan MTMS 
                   Dynamit Nobel (UK) 
             Brethane, Colebrane Lmt. 
Ethyltriethoxysilane (ETEOS)      Conservare H 100      
                                             Wacker Chemie GMBH 
                 Methyl triethoxysilane (MTMOS) 
    Other alkyl alkoxysilane monomers 
Siloxanes   methyl phenyl polysiloxane             Rhone-Poulenc 
      Other oligomeric alkyl alkoxysilanes ProSoco  
         Wacker Chemie 
4.2.3  Silanes
4.3.2.1  Tetraethoxysilane (TEOS) 
Ethyl silicate is commonly utilized for consolidation in the conservation field.  
14 The table above was derived from Susan Bradley, “An Introduction to the Use of Silanes in Stone 
Conservation,” and Ann Brackin, “A Comparative Study of the Effects of Applying Acrylics and Silanes in 
Sequence and in Mixture, with a Case Study of the Column in the Convento of Mission San José y San 
Miguel de Aguayo, Texas” (MS thesis).    
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Though the consolidant has achieved more consistent results with sandstone, it has 
successfully been used on carbonate stones.  Ethyl silicate has a lower viscosity than 
water, allowing for good depth of penetration which is of primarily importance for an 
effective consolidant.15  Depth of penetration of the ethyl silicate is one of the advantages 
of this consolidant type; however the penetration of the compound is also dependent on 
the properties of the substrate stone.  Performance is often determined with tests that 
address mechanical strength, such as abrasion resistance, compressive strength or three-
point bending.  Furthermore, it is important to evaluate the effect of the consolidant on 
the water vapor transmission of the stone.  Water is an agent of deterioration, and it is 
important that liquid water and water vapor does not become trapped in the matrix of the 
stone.  Over time the consolidant can become rigid and the hardened compound can crack 
or tear, forming shrinking fissures16.  Ethyl silicate forms a continuous film on the grains 
and does not have the adhesive properties necessary to bridge large voids or pores, 
reattach larger grains to each other, or re-adhere loose flakes to the stone substrate.17
Similar to other alkoxysilanes, ethyl silicates have better efficacy bonding to silicate 
stones versus carbonate-based stones.  It has been speculated that for limestone, ethyl 
silicate failure seems to be the lack of a bond formed between the gel and carbonate 
surface, and the condensation reaction is retarded in the presence of calcite.  This 
15 Brackin, Ann, p. 11. 
16 Wendler, E.,  “New Materials and Approaches for the Conservation of Stone,” The 79th Dahlem 
Conference:  Saving our Architectural Heritage – The Conservaiton of Historic Stone Structures Berlin, 
March 3-8, 1996 edited by N. S. Baer and R. Snethlage (Berlin:  John Wiley and Sons, 1997), p. 188. 
17 Brackin, Ann, p. 15. 
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retardation is not exhibited in the presence of quartz.18  Ethyl silicates are available in a 
commercially mixed formula with solvents and a catalyst.  
18 Wendler, E., p. 188. 
Figure 16:  Illustrates the difference between the Si- O bonds of ethyl silicates and the Si-O and Si-
CH3 bonds in hydrophobic alkoxysilanes.  Diagram from Susan Bradley, “An Introduction to the Use 
of  Silanes in Conservation.” 
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4.2.3.1. Methyltrimethoxysilane (MTMOS) 
MTMOS is most often used with a catalyst and does not penetrate as deeply as 
ethyl silicate because of the quick polymerization of the consolidant.19  The treatment is 
hydrophobic and some water repellent properties can be achieved.  This consolidant has 
been the subject of many experimental studies and applied treatments in conjunction with 
acrylic polymers.20  Most often the two are combined as a mixture, however the two 
products in sequence have also been tested.  A recent study found MTMOS/B72 mixtures 
to have good penetration, good strength, hydrophobic properties, and easy removal of 
surface residue.21
4.2.3.2  Ethyltriethoxysilane (ETEOS) 
Like the above, ETEOS is a monomer that is commercially available in solution 
with solvents and a catalyst.  Water repellency is imparted as well as consolidation of 
disaggregated stone.  The hardness of the treated stone is low when compared to ethyl 
silicate and MTMOS/acrylic mixtures.22
4.2.3.3  Sol Gel or Silica Gel 
The silica gel, or sol gel, creates a consolidant that has a desirable depth of 
penetration and adhesion in most stones.  Normally, a silica gel has a chemical 
19 Bradley, Susan, p. 429. 
20 Matero, F. G. and Ann Oliver, “A Comparitive Study of Alkoxysilanes and Acrylics in Sequence and in 
Mixture,” JAC No. 2 (July 1997) pp. 22-42. 
21 Koller, M., J. Nimmrichter, and H. Pashinger,  “Conservation of Marble at the Façade of the Cathedral in 
Salzburg,”  Deterioration and Conservation of Stone.  Proceedings from the Eighth International Stone 
Congress, Berlin, 1996 Vol. 2 (Berlin:  Christel Riederer, 1996), pp. 1039 – 1050. 
22 Bradley, Susan, p. 429. 
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composition where the atoms are covalently linked to four oxygen atoms that bond to the 
neighboring silicon atom.23    The elastic properties of the ethyl silicate are improved by 
integrating flexible linear segments into the silica-based consolidant.24  These gels have 
had some success with calcareous stones, however the gel tends to form fissures and 
cracks that do not impart durability.  To avoid cracks and fissures, the linear segments of 
dimethyl or phenyl-methyl siloxane, with only two bonding functions, can be integrated 
into the growing gel structure.  These two linear segments act as “expanders” to give 
flexibility to the gel.25  Recently oxide particles and other pigments have replaced silica 
additives to sol gels and have successfully modified the thermal expansion coefficient of 
the gel to avoid thermal cracking.26
4.4 Compatibility Enhancement  
 The established success of alkoxysilanes and a gain in understanding of 
how these consolidants work have influenced experimental improvement and innovation 
of these consolidants.  The success of ethyl silicates on silicate-content stones, such as 
sandstone, has influenced the formulations of compounds that will better enable the 
consolidant to bond to carbonate and dolomitic stones.  The reason for the failure in use 
with limestone is attributed to insufficient binding of the gel to the calcite grains.  
Moreover, the condensation reaction is retarded in the presence of calcite, while it is 
23 Wendler, E., p. 190. 
24 Wendler, E., p. 189.   
25 Wendler, E., p. 190.  (Concept taken from Goins, 1996) 
26 Escalante, Matthew, John Valenza and George Scherer, “Compatible Consolidants from Particle-
Modified Gels,” Deterioration and Conservation of Stone.  Proceedings from the Ninth International Stone 
Congress, Venice, 2000 edited by Vasco Fassina (Oxford:  Elseivier, 2000), p. 459. 
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facilitated in the presence of quartz.27  It has also been researched that the pH of 
carbonate stones is acidic and also inhibits the sol-gel reaction and bonding of ethyl 
silicate consolidants.28
4.4.1  Coupling Agents 
Coupling agents attempt to enhance the compatibility of silicate consolidants and 
calcareous stones.  Phosphate coupling agents have been tested and had some success, 
namely strength increase, in laboratory tests using limestone.29  Trialkoxysilanes with 
functional groups of different polarity (depending on the type of substrate) are useful 
coupling agents since they are covalently integrated into the gel network structure.30  The 
pH level of the stone and the silicate treatments are factors that affect the treatment of the 
stone.  “Phosphate compounds can covalently link to the growing structure during the 
condensation reaction.  The orientation of the negatively charged phosphate groups is 
towards the mineral surface, since the calcite has a positive zeta potential in the normal 
pH region.”31
 In the 1990s another coupling agent emerged based on the hypothesis that 
a properly chosen organoalkoxysilane coupling agent will form a bridge between calcite 
and a TEOS-based consolidant.32 George Wheeler experimented with various coupling 
27 Wendler, E., p. 188. 
28 Weiss, Norman, Irving Slavid and George Wheeler, p. 534. 
29 Wendler, E., p. 191. 
30 Ibid. 
31 Ibid. 
32Wheeler, G., “Evaluation of Alkosilane Coupling Agents in the Consolidation of Limestone,” (cont.) 
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agents in water and ethanol as primers and blends with TEOS sol.  Modulus of rupture 
(MOR) was used to test the treated limestone cores.  The most significant improvement 
was found with four coupling agents:  diethylphosphatoethyl-, 3-aminopropyl, N-(2-
aminoethyl)-3-amino-propylmethyl-, and N-(3-methacryloxy-2-hydroxypropyl)-3-
aminopropyl-.33  In the future, there will probably be more information and tests 
conducted involving these coupling agents. 
4.4.2  Hydroxilated Conversion Treatment (HCT) 
A recent innovation by Norman Weiss is a water-borne compound know as 
hydroxilating conversion treatment (HCT) that is applied to the stone before a silicate 
ester compound.34  This manufactured formulation is chemically based on tartaric acid, 
an inorganic compound.  In the middle of the 19th century, chemists were aware of the 
tartrate research conducted by Pasteur, who was able to make important connections 
between optical rotation, crystallography and molecular structure.35  Earlier that century 
Lavoisier noted the reactivity of tartar or wine lees (potassium bitartrate) with lime in his 
Elements of Chemistry, first published in Paris in 1798.36  Well before the 18th century, 
Pliny had documented the use of tartrate in the wine and sherry industries.37
The layer acts to facilitate bonding because it is hydroxyl-functional, and even 
Deterioration and Conservation of Stone.  Proceedings from the Ninth International Stone Congress, 
Venice, 2000 edited by Vasco Fassina (Oxford:  Elseivier, 2000), p. 541. 
33 Wheeler, G., p. 544. 
34 Weiss, Norman, Irving Slavid and George Wheeler, p. 534. 
35 Ibid. 
36 Ibid. 
37 Ibid. 
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may act as a passivator to protect against acid-attack.38 In 2000, Weiss and Wheeler 
conducted experiments to test the adherence of calcium tartrate tetrahydrate (CTT) 
conversion layer to commercially available ethyl silicates, using individual and 
aggregated calcite crystals.  Untreated crystal did not show adhesion of films.  Studies 
were also conducted on graded marble aggregates and stone cores, and treated samples 
had higher results of flexual and tensile strength.39  The same research also noted that it 
was necessary to adjust the pH of the treatment, and limited the range of pH from 3.4 to 
5.0 of solutions with tartrate concentrations of less than 0.2M.40  This treatment has 
potential to be a great asset to conservators, however most testing has been done in the 
laboratory and more research needs to be applied in the field.  The CTT layer itself may 
impart a consolidating effect and increase resistance to acid attack, making it a candidate 
for preconsolidation.41  It is difficult to predict how the treatment will behave because of 
the need to gain more experience and understanding of performance and evaluation.   
This treatment was chosen for the testing program at Mission San José because of 
its possibility to act as a preconsolidant for the flaking salt-contaminated Sacristy 
Window limestone, and enhance the effectiveness of an ethyl silicate consolidation 
treatment.  HCT is commercially available through ProSoCo and has had documented 
success in the short time period of its availability.  The lack of case-specific applications 
38 Hansen, Eric, Norman Weiss, Jeanne-Marie Teutonico, et al, “A Review of Selected Inorganic 
Consolidants and Protective Treatments for Porous Calcareous Materials,”   Reviews in Conservation  Vol. 
4  (London:  James X James, 2003), p. 21. 
39 Weiss, Norman, Irving Slavid and George Wheeler, p. 536. 
40 Weiss, Norman, Irving Slavid and George Wheeler, p. 535. 
41 Hansen, Eric et al, p. 21. 
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makes it particularly of interest to test in a variety of conditions, particularly salt 
contamination.  If the product is to act as a preconsolidant, it will need to allow for 
subsequent desalination of the stone while not being affected by the presence of salts. 
4.5 Surface Preparation 
The deterioration of the limestone at the Sacristy Window poses problems that 
cannot be addressed solely by application of a consolidant.  The stone is contaminated 
with salts that adversely effect efficacy of applied consolidation treatments to the stone.  
For this reason desalination and salt immobilization techniques were considered for 
testing.  In the current research it was important to see if the application of barium 
hydroxide would block cacite grains that are necessary for the bonding of the HCT 
treatment. 
4.5.1  Barium Hydroxide 
This inorganic-based treatment has been used both as a consolidant and as a salt-
immobilization treatment.  For this thesis it was researched for its salt-immobilization 
possibilities.  When gypsum (calcium sulfate dihydrate) is present, barium hydroxide 
performs a desulfating (or salt immobilizing) action, and produces insoluble and inert 
barium sulfate together with calcium hydroxide.  The Ca(OH)2 reacts with atmospheric 
CO2, forming a carbonate.42
42 Lanterna, Giancarlo, “Mineral Organic Treatment for the Conservation of Calcareous Artifacts,”  
Deterioration and Conservation of Stone.  Proceedings from the Ninth International Stone Congress, 
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 The basic chemical equations are: 
Ba(OH)2 + CaSO4.H2O --- BaSO4 + Ca(OH)2 + H2O
                          (gypsum) 
Ca(OH)2 + CO2 ---- CaCO3 + 2H2O
The calcium hydroxide can be accompanied by excess barium hydroxide upon 
carbonation that converts to calcium carbonate and barium carbonate.43  Barium sulfate is 
known to be a stable compound that has a very low solubility, even in acidic 
environments.44   Theoretically, the analysis of applied barium hydroxide treatments to 
calcareous substrates should be easy because barium is an element easily distinguished 
from calcium.45  Scanning electron microscopy (SEM) and energy dispersive 
spectrometry (SEM-EDS) are two methods that detect elemental ions.  This detection 
may be difficult if the concentration of barium is low or unevenly distributed.46
4.6 Current Application 
As technology has advanced, so has product innovation.  Industry has grown and 
there has been an increase in the number of different types of consolidants and the 
number of consolidants within a given type.  The mixture and combination of treatment 
products is also another concern.  “One can agree that in the last twenty years ‘research 
Venice, 2000 edited by Vasco Fassina (Oxford:  Elseivier, 2000), p. 388.  The diagram is also taken from 
the same page of this article to illustrate the cited text above. 
43 Hansen, Eric, et al, p. 19.   
44 Hansen, Eric, et al, p. 18. 
45 Ibid. 
46 Ibid. 
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into the conservation of stone structures has for the first time been given a broad 
scientific basis,’ but in spite of all progress, no global solutions have been found.”47
          The innovation of more commercial products for consolidation has introduced 
more complexity in the industry.  There are now products available that are tailored to the 
chemical and physical properties of specific rock types.  Calcareous stone has been the 
focus for many new products, and this thesis will evaluate the use of one of these new 
products, HCT, in conjunction with the more established ethyl silicate.  HCT and OH100 
are products manufactured by ProSoCo.  The consolidation effect of OH100 will be 
evaluated last and preceded by tests that evaluate the use of HCT as a preconsolidant for 
salt-contaminated stone.  As products vary, so do the conditions and materials of the sites 
in question.  Treatment evaluation must be considered carefully to relate to the site and to 
effectively evaluate products.48  The selection process has become more complex because 
choices involve more information about product and site material compositions.   
47 Tabasso, Marisa, “Acrylic Polymers for the Conservation of Stone:  Advantages and Drawbacks,” APT 
Bulletin Vol. XXVI, 2-3 (1995), p. 269. 
48 Tabasso, Marisa, p. 270. 
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The following criteria have been used to evaluate the effectiveness of consolidation 
treatments: 
Chemical behavior of the substrate and consolidant,( ie: solvent parameters) 
Mechanical strength (Modulus of rupture and modulus of elasticity) 
Intergranular cementation (cohesive strength imparted) 
Depth of penetration 
Porosity of the substrate (pore shape, size and character) 
Compatibility of consolidant to substrate (ie; thermal expansion factors) 
Durability of treatment 
Effect on appearance (aesthetic impact) 
Retreatablity 
Ease or complexity of  application 
Health and safety factors 
Material impact on environment 
These qualitative and quantitative factors can be measured in a controlled 
laboratory setting, and were a consideration in the testing program of this thesis.   
4.7 Literature Review 
The table in Appendix F presents recent literature researched on consolidation in 
the architectural conservation field.  The included literature focuses on consolidation for 
calcareous-based stones. 
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Chapter Five:  Experimental Program 
5.1   Methodology   
5.1.1  Problem Identification
A comparison of past and current conditions indicates that the basal limestone of 
the Sacristy Window is in an active state of deterioration.  This deterioration has been 
attributed to inherent factors, burial, exposure, and past intervention.  The condition 
survey of 1997 and survey update of 2004 recorded delamination and flaking as the most 
prevalent conditions.  Past characterization of the stone by thin section, acid solubility, 
and qualitative salt analysis all confirm salt contamination/recrystallization as the 
predominant cause of failure.  
5.1.2  Identification of Potential Solutions 
Many of the past and current solutions to remedy the deterioration mechanisms of 
the Sacristy Window masonry address the local moisture problem.  In the 1950s there 
was a proposal to build a protective cover over the window, but fortunately this is no 
longer viable.   These preventative measures, while critical to the future conditions do not 
address the existing damage to the stone.  Water run-off from the Sacristy roof and 
scuppers above has been partially addressed, thus reducing ground saturation in the 
immediate area.  Currently, there are proposals to regrade and lower the ground in front 
of the south elevation of the Sacristy.
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This proposal has required the communication of three main players:  the Archdiocese, 
the National Park Service, and Ford Carlton and Powell Architects.
To address the existing flaking and delamination of the salt-contaminated stone it 
is necessary to first evaluate possible treatments in a laboratory setting.  The treatment 
program is focused on testing the efficacy of HCT as a preconsolidation treatment.  The 
testing program will explore how the use of HCT will perform when applied to stone 
samples with varying quantities of salts and control stone without salts.  Salts were 
impregnated into the stone by capillary absorption.  Barium hydroxide was chosen as a 
method of salt immobilization, while poulticing was a method of salt removal.  Scanning 
Electron Micrscopy (SEM) was used to analyze how the calcite and salt grains within the 
limestone are coated after salt-impregnation, salt removal, salt immobilization, and 
preconsolidation.  After preconsolidation, it will be necessary to remove salts and 
consolidate the masonry of the Sacristy Window with an ethyl silicate (OH100). 
5.1.3  Identification of Treatment Criteria 
Soluble salts will lead to flaking and delamination.  This affects the intergranular 
strength (friability) of the stone.  To remedy these conditions it is necessary to impart 
cohesive strength first and then remove salts contaminating the stone.  Optimal treatment 
criteria include: 
Retreatability – The ideal treatment will allow re-treatment in the future.   
Low Toxicity – The treatment should not be harmful to the specimen, public 
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surrounding environment.   
Similar Water Vapor Transmission – The ideal treatment will only affect chosen 
properties that need improvement.  It is important that water vapor permeability 
not be significantly affected by the treatment.   
Improved Cohesive Strength – The treatment should enhance bonding between 
loose grains in the stone. 
No Visual Change – The treatment should not change the appearance of the stone 
or the Sacristy Window.  Color and gloss are important visual characteristics and 
should remain the same after treatment. 
Compatibility – The retreated stone should have similar properties to the 
untreated stone and allow future treatment. 
5.2 Current Testing Program 
The overall objective of the testing program is to improve the cohesive strength of 
the stone without impeding other treatments to be applied subsequently or in the future 
including cleaning, desalination, and mortar or mechanical repair.  Since the presence of 
salts is the main cause for deterioration, the first treatment priority must address them.  
Sulfates were the primary salt detected with ion strip tests and XRD.  For this purpose 
barium hydroxide was chosen as a method of immobilization of sulfate ions, while 
poulticing was also performed to remove soluble salts overall.  These two treatments 
were executed on samples in association with HCT application.  The presence of salts 
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within the stone will likely interfere with HCT and its ability to create a calcium tartrate 
tetrahydrate (CTT) layer on the stone.  The experimental design attempts to examine salts 
in situations that represent the Sacristy Window stone and HCT preconsolidation.  
The second treatment priority is consolidation.  In the past, conservators have had 
successful consolidation results with ethyl silicate treatments; however the best 
improvements are limited to silicate-based stones.  As already stated, ethyl silicates have 
had unpredictable results on calcareous-based stones.  Application of HCT should impart 
both a slight consolidating effect as a preconsolidant and also enhance the efficacy of 
ethyl silicate for subsequent consolidation.
The salt-contaminated friable micritic limestone found at the site poses a complex 
treatment problem.  It is necessary to remove salts to have efficacy of applied treatments, 
but the stone is friable and cannot withstand manipulation without significant losses.  In 
addition, a high percentage (majority) of the salts found in analysis is calcium sulfate.  
Barium hydroxide is a feasible treatment possibility to immobilize this salt before 
subsequent treatment with HCT.  After preconsolidation with HCT, the several salts 
(nitrates, possibly chlorides) can be poulticed out.  The hypothesis is that the 
immobilzation of sulfates will be best treated by using barium hydroxide before 
stabilization/preconsolidation with HCT, and also that the removal of salts will improve 
efficacy of HCT.  The barium hydroxide will target the calcium sulfate and should not 
interfere with the reactive calcite grains necessary for HCT.  In addition removal of salts 
by poultice will also increase the area of reactive grains.   
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The testing program involves two phases.  The testing scope evaluates 
desalination with poultice applications, sulfate immobilization with Ba(OH)2 conversion 
on salted stone, and preconsolidation with application of HCT on poulticed, barium-
hydroxide treated, salt-contaminated and untreated limestone samples.  The overall 
testing objective is to prepare the stone for consolidation with ethyl silicate (Table 5). 
5.3.1 Phase I:  Characterization and Analysis of Sacristy Limestone and Cordova 
Cream (Quarry) Limestone Samples 
The objective of Phase I was to determine the physio-mechanical properties of the 
Sacristy Window limestone and confirm the salts present in various areas of the window.  
It was expected that the areas of the highest salt content would be concentrated at the 
base of the window.  This phase of testing helped to determine the preparation of the 
samples for Phase II.  Since it was not possible to obtain sufficiently large samples from 
the window for testing, comparable quarry stone was obtained instead for treatment 
comparison.  The Cordova Cream limestone samples did not duplicate all of the 
properties of the original limestone, however it was possible to select those properties 
that would affect consolidation.  The tests below are listed and described in the order they 
were performed. 
1.  XRD Analysis:  Provided the mineralogical composition of the stone and 
salts present. 
2. Soluble Salt Content:  The data provided by the XRD analysis was 
supplemented with a semi-quantitative analysis of the soluble salts present in each of the 
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sampled areas of the Sacristy Window.  This test was particularly important because 
some salts are masked by the calcium carbonate peaks produced by the XRD analysis. 
3. Capillary Absorption:  The test determined water uptake of the stone 
through capillary rise.  This test is also important to establish an effective impregnation 
technique.  NORMAL 1203 test was chosen to analyze the properties of the control 
quarry stone. 
4. Drying Curve:  It is important to determine absorption and drying 
properties to establish an effective impregnation technique.  Modified NORMAL 7/81 
and NORMAL 29/88 tests were performed on control stone to determine absorption and 
drying curves for the freshly quarried stone samples.   
5.3.2 Phase II:  Preconsolidation Treatment Evaluation on Cordova Cream 
(Quarry) Limestone Samples 
The objective of Phase II was to analyze treatments on prepared samples of 
Cordova Cream limestone.  The new stone samples were modified to reflect site 
conditions by salt-contamination with calcium sulfate dihydrate and sodium nitrate.  
ProSoCo literature states that the HCT treatment should not be applied to salt-
contaminated stone, nevertheless many situations exist where salt removal is not possible 
prior to preconsolidation with HCT.  Product literature for both Conservare HCT and 
Conservare OH100 are in Appendix G. Table 6 identifies the testing schedule for each 
group of samples. 
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Summary of Treatments: 
1. Salt Impregnation:  A modified combination of ASTM C 88-90 and 
RILEM 25 P.E.M. Test V. 1b tests was used on groups B, D, F, H, J and L to introduce 
salts.  Samples were immersed in a saturated solution of sodium nitrate and calcium 
sulfate dihydrate.  The stones were saturated with the solution by a combination of 
capillary rise and immersion.  First, the solution penetrated the stone by capillary rise 
until saturated.  The stones were then immersed for 24 hours and allowed to air-dry for a 
24 hours before being placed in an oven at 60 degrees Celsius until stable, indicated by a 
mass difference of 0.01 between subsequent weighings.   
 2. Application of Barium Hydroxide:  Barium hydroxide treatment was 
applied to the stones to immobilize the calcium sulfate dihydrate to barium sulfate.  The 
treatment should react to immobilize the impregnated sulfate salts.  Sample groups I and 
J were treated. 
 3. Desalination:  Poultice with a rag pulp paper saturated in deionized water.  
Gravimetric analysis of the salt-contaminated poultice and samples determined salt 
percent removed from the stone prior to HCT application to group H samples.
4. Application of HCT as Preconsolidant:  The application method was 
determined by the manufacturer’s directions.  Although, the consolidant conversion 
treatment will most likely be applied by low pressure spray in the field, laboratory 
samples were treated by capillary rise.  The testing is organized to address the 
73  
compatibility of the HCT with barium hydroxide and its performance as a preconsolidant.  
All sample groups underwent HCT application.   
5. SEM Analysis:  Small samples were removed from the cube samples after 
salt impregnation, desalination, barium hydroxide and HCT treatments.  The analysis 
confirms that the bonding of HCT to calcite crystals is not interfered by other treatments 
used to address salt-contamination. 
5.3.3 Phase III:  Performance Treatment Evaluation on Cordova Cream (Quarry) 
Limestone Samples 
 The objective of phase III will be to determine the efficacy of the salt-
immobilization, desalination and preconsolidation in the previous phase, and how these 
treatments improve consolidation performance.  An ethyl silicate will be applied to the 
samples that will then undergo a serious of physical tests.  OH100 is manufactured by 
ProSoCo and is the chosen ethyl silicate for consolidation.  Water vapor transmission and 
total immersion testing data results will provide comparisons on how the properties of the 
stone changed in the salt-contaminated, control, and treated samples.  Splitting tensile 
strength tests will provide data that compares strength improvement of the salt-
contaminated, control and treated stones.  It is anticipated that HCT will enhance the 
consolidation effect of OH100.  Table 6 identifies the tentative testing schedule for 
each sample group that will not be included in this thesis scope.
1. Poultice:  All of the salt-contaminated samples (groups H, L and J) will be 
poulticed with the same methodology performed in Phase II to sample group H.  The 
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poultice treatment will ensure that salts are able to be removed after HCT treatment. 
 2. Application of OH100:  The application method was determined by the 
manufacturer’s directions.  Although the consolidant will most likely be applied by low 
pressure spray in the field, laboratory samples will be treated by capillary rise on all six 
faces to insure adequate penetration.  The samples will be given no less than three weeks 
to cure.  The testing is organized to test the compatibility and performance of the ethyl 
silicate OH100 with HCT treated and desalinated/salt-immobilized samples.   
3. Water Vapor Transmission Testing:  Sample groups G through L will 
undergo water vapor transmission testing, following NORMAL 21/85 standard 
procedures.  The results will validate the performance of the chosen method of 
consolidation and will ensure that the chosen treatment is water vapor permeable. 
4. Splitting Tensile Strength:  Sample groups G through L will undergo 
mechanical testing to determine compression and splitting strength.  The compressive 
strength test follows the standardized procedures of ASTM D3967.  The results will 
validate the performance of the chosen method of consolidation to improve the cohesive 
grain strength of the stone. 
5.4.  Sample Preparation 
The limestone quarried for the Sacristy Window was obtained from a quarry 
currently closed.  Research was conducted in 1997 to find active quarries to provide stone 
geologically similar to the original Sacristy Window limestone.  The limestone at the 
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Sacristy Window is a high calcium carbonate micritic stone with fossil intrusions, two 
critical characteristics displayed in Cordova Cream limestone.  The quarried stone was 
formerly known as Austin Stone and was specified in the Lenarduzzi contract that 
replaced sculptural elements of the Sacristy.1  Stone characterization and stone 
replacement in the 1930s guided the choice to use Texas Quarries Cordova Cream 
limestone for the treatment evaluation. 
The tests chosen for laboratory evaluation dictated the dimensions of the quarried 
stone samples.  The original intent was to have eighteen 2” diameter disks and eighteen 
2” cubes, however, after evaluation of the testing program, it was decided to use 18 2” 
diameter disks, numbered 19 through 36 and six cubic samples, numbered one through 
six.  The smaller surface area and compatibility of the disks to later Phase III 
performance testing made the disks ideal for the testing program.  These samples were 
organized in groups of three.  The cubic samples were numbered and used to provide 
samples for SEM testing in Phase II, and will not be a part of the mechanical testing in 
Phase III. 
To evaluate the performance of consolidation it is necessary to test the HCT as a 
preconsolidant, and HCT with ethyl silicate as a consolidant.  Products chosen for the test 
are easily available and HCT is commercially available through ProSoCo.  The chosen 
products satisfy the low toxicity parameter of the desired treatment specifications.  The 
1 McDowell, Katherine, p. 48. 
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treatment is also retreatable because it is readily available. 
 5.4.1  2” Diameter Disk samples 
 These samples were used to evaluate the effects of preconsolidation, desalination 
and consolidation on salt-contaminated and control limestone samples.  Two-inch 
diameter cylindrical limestone cores were received from the quarry.  The water vapor 
transmission test was used to specify the thickness requirement for this sample group.  A 
wet diamond saw was used to cut disks 11/16” thick from the 2” diameter cylinders.  
Each disk was pre-measured after cutting to ensure accuracy and to account for blade 
thickness.  All disks were washed in deionized water and bedding orientation was marked 
on the samples using a black felt tip pen.  The samples were again placed in the oven at 
60 degrees Celsius for twenty-four hours, afterwards samples were placed in the 
dessicator for two hours and then weighed.  The process was repeated until the weight 
differences between two subsequent weighings was less than 0.01 grams. 
5.4.2  2” Cubic samples
Two-inch cubes were ordered from Texas Quarries to evaluate the effects of 
consolidation on unweathered chalk limestone samples without salt, with salt (see 
below), and then these treated with HCT and OH100 alone.  All of the cube samples were 
washed with deionized water and subsequently dried in the oven at 115 degrees Celsius, 
until a stable mass was weighed.  The bedding orientation of each sample was indicated 
with a black felt tip pen.  Six cubes numbered one through six were added to the three 
sample groups of disk samples.  These samples will be used for SEM analysis. 
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Table 5:  PHASE II:  Preconsolidation Testing Schedule 
Samples numbered one through six indicate 2” inch cubes, and the remaining eighteen through thirty-six 
are 2”diameter disks. 
Sample 
Group 
Sample 
No. 
Treatment 
Group 
Salt
Impregnation
Modified     
ASTM C 88-90 
And RILEM 25 
P.E.M. Test V. 
1b
Poultice
Deionized
water-
saturated 
paper pulp 
Preconsolidation 
(BaOH and HCT) 
Capillary 
Absorption 
SEM
(Samples 
obtained after 
salt
impregnation, 
BaOH and 
HCT)
1    3 days 
19     
20     
G
21
Control 
Stone 
(CS)
    
2 2 weeks 2-4 days 2 -4 weeks 3 days 
22 2 weeks 2-4 days 2 -4 weeks  
23 2 weeks 2-4 days 2 -4 weeks  
H
24
Salt-
contaminated
Stone 
(SS) 
(later
poulticed 
and treated 
w/HCT) 
2 weeks 2-4 days 2 -4 weeks  
3   2 -4 weeks 3 days 
25   2 -4 weeks  
26   2-4 weeks  
I
27
BaOH and 
HCT on CS 
  2-4 weeks  
4 2 weeks   3 days 
28 2 weeks  2-4 weeks  
29 2 weeks  2-4 weeks  
J
30
BaOH and 
HCT on SS 
2 weeks  2-4 weeks  
5   2 -4 weeks 3 days 
31   2 -4 weeks  
32   2 -4 weeks  
K
33
HCT on CS 
  2 -4 weeks  
6 2 weeks  2 -4 weeks  3 days 
34 2 weeks  2 -4 weeks  
35 2 weeks  2 -4 weeks   
L
36
HCT on SS 
2 weeks  2 -4 weeks  
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Table 6:  PHASE III:  Tentative Consolidation Testing Schedule 
Sample
Group
Sample
Number Treatment Consolidation
WVT
NORMAL 
21/85
Splitting Tensile 
Strength
ASTM D 3967
1   3 days 
19   3 days 
20   3 days G
21
Control
Stone
(CS)
  3 days 
2  2 weeks 3 days 
22  2 weeks 3 days 
23  2 weeks 3 days 
H
24
Salt-
contaminated
Stone
(SS)
(later 
poulticed
and treated 
w/HCT)
 2 weeks 3 days 
3 2-4 weeks 2 weeks 3 days 
25 2-4 weeks 2 weeks 3 days 
26 2-4 weeks 2 weeks 3 days I
27
HCT and 
OH100 on 
CS (barium 
treated) 2-4 weeks 2 weeks 3 days 
4 2-4 weeks 2 weeks 3 days 
28 2-4 weeks 2 weeks 3 days 
29 2-4 weeks 2 weeks 3 days J
30
HCT and 
OH100 on 
SS (barium 
treated) 2-4 weeks 2 weeks 3 days 
5 2-4 weeks 2 weeks 3 days 
31 2-4 weeks 2 weeks 3 days 
32 2-4 weeks 2 weeks 3 days K
33
HCT and 
OH100 on 
CS
2-4 weeks 2 weeks 3 days 
6 2-4 weeks 2 weeks 3 days 
34 2-4 weeks 2 weeks 3 days 
35 2-4 weeks 2 weeks 3 days L
36
HCT and 
OH100 on 
SS
2-4 weeks 2 weeks 3 days 
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Chapter Six:  Observations
6.1 XRD Analysis 
6.1.1 Objective 
XRD analysis was performed to analyze the salts in the original samples, and to 
confirm the basic composition of the quarried stone with the original stone.  Four samples 
were chosen for analysis:  three samples were taken from the site in November 2004, and 
the fourth sample was the Cordova Cream limestone sent from Texas Quarries.  Each of 
the site samples was taken from the lower portion of the window, but at various locations 
according to vertical and horizontal orientations.   
6.1.2 Methodology  
It was not necessary to pre-grind or sieve the site samples because they were 
friable and soft.  Samples were prepared in the LRSM Laboratory before each test.  Each 
sample was crushed with an agate mortar and pestle.  A small sample amount was placed 
on the frosted end of a glass slide and the powder was spread to uniformly cover the slide 
with a microspatula.  The covered end of the slide was carefully saturated with acetone 
that quickly evaporated to leave a secure film of powder on the end of the slide, and 
ready for analysis.  The slide preparation process was repeated for each sample.  Each 
slide was examined for thirty minutes and Dr. Bill Romanoff used computer software to 
determine mineralogical content represented in Table 8 and Charts 1 through 4. 
80  
6.1.3  Results 
  Calcium sulfate dihydrate (gypsum) was the only soluble salt identified in samples taken 
during the site visit.    Since the XRD pattern of calcite (CaCO3) overlaps with that of 
nitratite (NaNO3), and since XRD does not have sufficient sensitivity to identify minerals 
below 5% w/w it was necessary to perform additional semi-quantitative ion strip analysis 
for further salt identification. 
Table 7:  XRD Results 
Sample Confirmed Mineral Identification
Unconfirmed Mineral 
Identification
(inaccurate under 5%) 
Sample Q1 
Quarried
Cordova
Cream 
Limestone 
99.1% calcite 
Sample  D2-8 
(bottom right 
of Window 
base)
88% calcite 
9.3% gypsum
Sample D2 
(middle of 
Window base) 
90% calcite 
6% gypsum 3% aluminum silicate    (JCPDS# 44-0002I) 
Sample D4 
(left middle of 
Window base) 
95% calcite 
2.5% silicon oxide 
   (JCPDS# 47-0715O) 
2% aluminum silicate 
   (JCPDS# 44-0002I) 
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Chart 1:  XRD results indicated 99% calcite indicated by the peaks above. 
Chart 2:  XRD results indicated 88% calcite and 9% gypsum.  Chart has peaks as seen in Chart 1 and 
smaller additional peaks that represent gypsum. 
CaCO3
82
Chart 3:  XRD results indicated 90% calcite and 6% gypsum.   
Chart is similar to Chart 2. 
Chart 4:  XRD results indicated 95% calcite.  Chart is similar to Chart 1, additional minerals may be 
masked by CaCO3 peaks. 
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6.2 Soluble Salt Content
6.2.1 Objective 
Soluble salt content of each sample was determined using semi-quantitative 
chemical test strips.  Each of the nine samples taken from the site in November of 2004 
was used in the test to reflect the distribution of salts from ground level to the base of the 
window.  It was expected that the results would complement the XRD analysis and that 
the greatest concentration of salts would be found at the base of the Sacristy Window.    
These semi-quantitative results enabled salt impregnation in Phase II that reflected the 
overall ratio of salts found in samples taken from the Sacristy Window.  The data 
provided by the XRD analysis was supplemented with this semi-quantitative analysis of 
the soluble salt content of each of the sampled areas of the Sacristy Window.  This test is 
particularly important because some salts are masked by the calcium carbonate peaks in 
XRD analysis.
6.2.2 Methodology: 
6.2.2.1  Determination of soluble salt mass 
Each of the nine samples was dried at 60 degrees Celsius in the oven until each 
sample had a stabilized mass.  Samples obtained were salt contaminated areas of the 
limestone.  At least one gram of each sample was needed for semi-quantitative results.  
Once the mass was stable, each sample was crushed with a porcelain/ceramic pestle in a 
porcelain /ceramic mortar, and then placed in a pre-weighed beaker.  The mass of each 
beaker was recorded to differentiate the mass of the crushed sample [Wsample(crushed)].  
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Each of the samples lost mass in the process of crushing and transferring.  The samples 
were then put into solution with 100mL of deionized water and agitated with a magnetic 
stirrer for 2 hours.  After agitation the nine solutions were left to settle overnight.  After 
the solutions had settled, each was filtered, using a labeled and pre-weighed 3mm filter 
paper.  An undetermined amount of deionized water was used to remove the sediment at 
the bottom of each beaker to prevent loss of sample mass.  The wet filter paper and 
sediment was placed on a pre-weighed watchglass and placed in the oven to determine 
the weight of the insoluble sample.  Samples were dried for 22 hours and cooled in the 
dessicator.  The samples were placed back in the oven for two hour increments until a 
stable weight within 0.01g range was recorded for each sample.  The insoluble mass was 
then subtracted from the weight of the crushed sample to determine the mass of the 
soluble salt content of each sample. 
6.2.2.2  Ion Test Strip for Semi-Quantitative Concentration  
Each filtered solution was measured in a graduated cylinder and the volume was 
recorded [Vol(soln)].  EM Quant test strips were used for the following salts:  sulfates, 
nitrates, nitrites and chlorides.  The expiration date was checked on each label and 
recorded.  A measured volume was taken from each sample for each test strip.  Procedure 
was followed according to manufacturer instructions. 
EM Quant Chloride Test (Cl-):  The reaction zone of the analytical strip was 
placed in the measured solution for one second.  The strip was removed and 
excess solution was shaken from the strip and results were read after one minute.  
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The analytical strip was compared to the scale on the label of the chloride 
container.  The process was repeated for all nine samples.  Results were given in a 
scale range rather than a quantitative amount.   (Exp. May 06) 
EM Quant Nitrite Test (NO2-):  The reaction zone of the analytical strip was 
placed in the measured solution for one second.  The strip was removed and 
excess solution was shaken from the strip and results were read after fifteen 
seconds.  The analytical strip was compared to the scale on the label of the nitrite 
container.  The process was repeated for all nine samples.  Results were given in 
an approximate quantitative amount. (Exp. Feb 06) 
EM Quant Nitrate Test (NO3-):  The reaction zone of the analytical strip was 
immersed for one second.  The strip was removed and excess solution was shaken 
from the strip.  After one minute, the analytical strip was compared to the nitrate 
scale indicator on the label.  Two reaction zones at the very end of the strip 
indicated the presence of nitrites and nitrates.  The square at the very end 
indicated nitrates or nitrites and the square at the other end indicated only nitrites.  
The process was repeated for all nine samples.  Results were given in an 
approximate quantitative amount.  (Exp May 06) 
EM Quant Sulfate Test (SO4-2):  The reaction zone of the analytical strip was 
immersed in the solution for one second.  The strip was removed and excess 
solution was shaken from the strip.  After two minutes the reaction zone was 
compared to the scale on the label of the sulfate container.  The process was 
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repeated for all nine samples.  Results were given in a scale range rather than an 
amount.  The intensity of the color change was recorded to approximate an 
amount within the range indicated on the label.  (Exp. Jan 06) 
6.2.3 Results   
The deionized water used to prepare the sample solutions was measured with each 
of the test strips to test for contamination.  All of the strips indicated an absence of salts 
in the deionized water samples. 
Three of the samples were well below the one gram mass requirement: D2-7, D5 
and C1.  The results recorded for these samples were numbers out of line with the rest of 
the samples.  The soluble salt content for these samples below the mass all had a much 
higher soluble salt percentage, when compared to the other six samples.  The amount of 
the sample taken from the site was minimal, so these samples were included in the test, 
but may not give accurate results.   
The ion strips determined a presence of nitrates and sulfates.  The tests conducted 
with the chloride and nitrite strips all had negative results indicating that these salts were 
not present in the samples.  These results differ from the spot test results conducted in 
1997, however the results complement the XRD testing conducted for the current 
research.  The XRD results also indicated a presence of sulfates.  Nitrates and nitrites 
were not able to be distinguished because of the strong presence of calcium carbonate.  
The percentage of sulfates found in the XRD results are very close to the percentage 
determined in the ion strip semi-quantitative determination of soluble salt content.  
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Sulfates are the dominant salt in most of the samples, while nitrates have a presence in all 
of the samples.  The amount of nitrate salts accounts for a small soluble salt content in the 
samples.  Six of the samples had less than 1% soluble salt content of nitrate salts, while 
none of the samples had more than 3%.  
The following equations were used to determine the relative amount of salts present. 
Determination of Soluble Salt Content: 
(w/w) = (Wfilter+sample – Wfilter)/ Wsample(crushed)  X 100 
Determination of the concentration of the ion in each sample:
Ion (g/g)% = Strip reading (mg/l) x Vsoln (l) x 100 / Wsample(crushed)(g) x 1000mg/g 
Table 9 indicates results recorded and used in the ion concentration (% g/g) 
determination of nitrates and sulfates.  Appendices B and Table 9 both contain the results 
obtained in the ion strip semi-quantitative determination of soluble salts.  All calculations 
were based on the supposition that salt contamination is caused by the salt compounds 
sodium nitrate and calcium sulphate dihydrate (gypsum).  A high number of salts is likely 
caused by the small sample size from areas with efflorescence and surface salts. 
88
Table 8:  Soluble Salt Test Results and Calculations 
*Na assumed 
*Ca assumed 
Gypsum = CaSO4.2H2O
Mercoquant Ion Strip Semi-Quantitative Salt Analysis 
San Jose Sacristy Window Limestone Samples 
Sample
#
Vol.so
l (L) 
Nitrate 
mg/L
Ion
%g/g
Nitrate
%g/g 
NaNo3 Sulfate
mg/L
Ion
%g/g
Sulfate
% g/g 
Gypsum
% g/g 
Total
Salts
D2-7 0.091 10 0.382 0.40 400 15.294 27.40 27.80 
D2-8 0.099 10 0.135 0.14 600 8.093 14.50 14.64 
D1 0.112 25 0.306 0.32 1000 12.227 21.91 22.23 
D2 0.099 250 2.398 2.51 600 5.756 10.31 12.82 
D3 0.091 25 0.221 0.23 1000 8.835 15.83 16.06 
D4 0.101 100 1.533 1.62 0 n/a 0 1.62 
D5 0.101 25 0.817 0.86 0 n/a 0 0.86 
D6 0.103 50 0.38 0.40 1400 10.642 19.07 19.47 
C1 0.09 50 1.466 1.54 0 n/a 0 1.54 
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6.3 Capillary Water Absorption/ Drying Curve 
6.3.1  Objective 
The purpose of this experiment was to determine the capillary absorption and 
drying curve for the Cordova Cream stone samples.  It is important to determine 
absorption and drying properties to effectively impregnate the stone in Phase II.  The data 
will also provide a comparison to determine how the stone absorbs deionized water 
versus salt solution 
6.3.2 Methodology 
The test implemented followed the modified NORMAL 1203 and NORMAL 
29/88 standards implemented in Phase I on the control stone to obtain capillary 
absorption and drying curves.  Three cubic control samples G1, I3 and K5 were utilized 
for the first capillary absorption test to determine the properties of the similar stone in 
Phase I.  A plastic container was set up by placing glass rods across the bottom and 
deionized water was filled up to mid-level of the glass rods.  When the samples were 
placed on the rods only the bottom surface of the samples were in contact with the 
deionized water.  The container was closed, but not sealed to avoid condensation.  The 
samples were weighed at timed intervals until they were saturated.  Saturation was 
indicated by a difference in mass between weighings of less than 0.01 g.  The ambient 
relative humidity in the lab fluctuated between 22 and 25%.  Once saturated the samples 
were immersed in deionized water for 24 hours.  Next, the samples were placed on metal 
drying racks and weighed at timed intervals to calculate the drying curve of the control 
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stone samples. 
6.3.3 Results   
The control samples took over two weeks to saturate with deionized water.  
Calculations are recorded in Appendix C.  The capillary absorption (Mi) was calculated 
with the formula: 
Mi = (mi-mo)/S 
Where, mi = weight of the sample at time ti, 
            mo = dry weight of sample at to,  
 S = surface area of the sample in contact with water  
      (for cubes = cm2  and disks = d*h)
The results are recorded in Charts 5 and 6 indicate the asymptotical value and a 
critical moisture content time of twenty-four hours. 
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Capillary Water Absorption of Control Samples (cubes)
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Chart 5:  Deionized Water Capillary Absorption Curve of Control Samples Cubes. 
Drying Curve Moisture Content vs. Time 
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Chart 6:  Drying Curve of Control Sample Cubes after Deionized Water Saturation.  Critical Moisture 
Content time of 24 hours was determined where slope grade lessens. 
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Drying Curve of Relative Moisture Content vs. Time
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Chart 7:  Relative Moisture Content Drying Curve also indicating critical moisture content. 
Control Sample Cubes Drying Rate
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Chart 8:  Drying Rate of Control Sample Cubes after deionized water saturation.  (Note:  DY/DT = Y/ T)
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6.4 Salt Impregnation (Phase II – Preconsolidation Treatment Analysis) 
6.4.1 Objective 
Half of the samples underwent salt impregnation to attempt to impart conditions 
similar to the Sacristy Window limestone into the freshly quarried stone.  The purpose of 
the salt impregnation was to introduce salts into the stone.  These samples will provide a 
comparision with unsalted stones to determine how the stone reacts to Phase II treatment 
methods.   
6.4.2 Methodology   
A saturated salt solution of sodium nitrate and calcium sulfate dihydrate was 
prepared.  The amount of sodium nitrate in the solution was 75 grams per 100ml of 
deinoized water, an amount near the saturation point.  The amount of calcium sulfate 
dihydrate in the solution was above the saturation point, 3 grams per 100ml of deionized 
water because of the low water-solubility of the salt.  The solution was prepared and 
allowed to sit for three days to fully saturate the solution.  The salts were first applied 
using capillary absorption until saturation, to determine the absorption properties of the 
stone.  The stones were then immersed in the solution for twenty-four hours to ensure full 
saturation of the solution into the stone.  The stone was allowed to air dry for ten hours to 
prevent microcracks in the stone sometimes caused by high temperatures.  After an initial 
drying period, the stone was placed in the oven to ensure that all moisture had evaporated 
from the stone substrate.  The salt-impregnated dry weight was compared with the initial 
dry weight to determine the amount of salt that was able to enter the stone matrix.  This 
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process was applied to samples in Groups H, J and L.
6.4.3 Results   
The salt impregnation process took less time to saturate and more time to dry.  This can 
be attributed to the hydrophilic nature of the salt which retained water longer.  The disk 
samples had a lower percentage of salts gained per weight mass than the cube samples.  
All of the disk samples gained an average of 3% salts while cubes gained approximately 
7%.  On average all of the samples exhibited a longer period to dry, however a drying 
curve was not established as the samples were dried in the oven.  This does not provide a 
valid comparison for the obtained control sample drying curves.  Table 9 indicates the % 
mass salts gained per sample.  (See Appendix D for capillary absorption calculations of 
salted solutions).  
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Table 9:  Calculations of Salt Impregnation with
Sodium Nitrate/Calcium Sulfate Dihydrate Solution 
Salt Impregnation 
Sample
Group Sample No. 
Initial Mass 
sample dry (g) 
Mass sample 
dry after salt 
impregnation
(g)
Mass of salt 
introduced (g) 
Amount of 
salt per 
sample
(%w/w)
1
19
20G
21
No Salt Introduced 
2 267.84 287.22 19.38 7.24
22 81.37 84.57 3.20 3.93
23 76.84 80.50 3.66 4.76H
24 78.69 81.80 3.11 3.95
3
25
26I
27
No Salt Introduced 
4 265.62 286.14 20.52 7.73
28 83.64 86.77 3.13 3.74
29 86.98 89.97 2.99 3.44J
30 73.64 77.48 3.82 5.21
5
31
32K
33
No Salt Introduced 
6 280.97 297.94 16.97 6.04
34 78.96 81.92 2.96 3.75
35 77.16 81.24 4.08 5.28L
36 74.03 77.99 3.96 5.35
Samples 1-6 are cubes, and 18-36 are disks  
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6.5 Barium Hydroxide application 
6.5.1 Objective 
To immobilize the gypsum salts introduced during the sample preparation 
process.  A group of salt impregnated samples (group J) and untreated samples (group I) 
were both included in this experiment.  The efficacy of the treatment was examined under 
SEM and compatibility was tested by applying a subsequent HCT treatment application 
(that will also undergo SEM analysis).  The treatment compatibility with HCT is an 
important aspect of the test, and will help determine the treatment recommendations for 
the Sacristy limestone.  Spraying a barium hydroxide solution is a possible alternative for 
immobilizing the salts in the friable Sacristy limestone before preconsolidation, while 
poulticing may prove to be too physically disruptive. 
6.6.2 Methodology 
A solution of barium hydroxide was prepared based on Seymour Lewin’s recipe2.
25% w/v Ba(OH)2.H2O  monohydrate 
25% w/v  Glycerin  
75% w/v   H2O
Capillary absorption was the chosen method of treatment consolidation.  Samples 
2 Lewin, S.Z. and N. S. Baer, “Rationale of the Barium Hydroxide-Urea Treatment of Decayed Stone”  
Studies in Conservation 19 (1974), pp 24-35.  Cited from informal paper by Lyles McBratney on Barium 
Hydroxide Treatment Literature Review December 2004. 
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were placed on glass rods in an airtight container and solution was filled so that the 
solution was in contact with the bottom surface of samples.  The samples were flipped 
after twelve hours and placed in contact with the solution for twenty four hours.  
Although the consolidant will most likely be applied by low pressure spray in the field, 
laboratory samples will be treated by capillary rise on all faces to insure adequate 
penetration; the same methodology was used for HCT application. 
6.6.2 Results 
The solution penetrated the samples fairly quickly.  Visual evidence confirms the 
disk samples were saturated halfway to the top within five minutes of placement on the 
glass rods.  The salted samples appeared to have a quicker penetration line than the 
control samples of group I.  To ensure that the container was airtight, the lid was secured 
with packing tape and left overnight.  The samples were checked periodically in the 
twenty-four hour period to ensure that the solution was still liquid and in contact with the 
sample surface.  After twenty-four hours residue was left on the side of the container with 
the group J samples, and these samples were not encrusted with a thin layer of salts as 
before.  However, random pustules of salt remained on the surface of group J samples, 
and were more visible on the cubic sample.  The limestone appeared slightly darker in 
color on both sample groups.  The control group on average increased more in mass, 
however, this may be explained by a change or loss in salts on group J samples.  
Appendix E documents the gravimetric change before and after treatment application. 
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 Figure 17 (top):  Cube Samples I3 and J4 compared to control sample K5 (left to right) 24 hours 
after barium hydroxide solution treatment. 
Figure 18 (bottom):  Detail of cube sample J4 24 hours after barium hydroxide solution treatment. 
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6.6 Poultice
6.6.1 Objective 
To quantify the amount of salt that was able to be removed from the treated and 
untreated salt-impregnated stones through gravimetric analysis.  Chosen treatment must 
not adversely affect future treatments on the stone.  The poultice treatment was chosen to 
compare results with the barium hydroxide salt immobilization experiment.  Though this 
is not a plausible recommendation for the friable stone at the site, it is desirable to see the 
efficacy of application of HCT to treated and untreated stones. 
6.6.2 Methodology     
Prior to poulticing, two samples were removed from the corners of sample H2 and 
retained for SEM analysis.  The paper pulp was macerated in a commercial blender.  
Three groups of pulp were immersed in water and blended in thirty minute rotations.  
Each group of pulp was blended for an hour to ensure that the pulp had a paste-like 
consistency.  The pulp was left in water overnight.  After twenty-four hours the pulp was 
drained and applied to group H samples.  Each sample was covered in pulp ¼” to ½” 
thick.  The samples were wrapped tightly in plastic wrap and left for twenty four hours 
before removal.  All poulticed samples were left on a rack to air-dry for twenty-four 
hours before removing the poultice.  The poultice was removed and placed in labeled 
containers to dry.  The sample stones were weighed and the mass recorded.  The samples 
were left on the racks to airdry for twenty four hours, and then transferred to the oven 
until a stable mass was obtained.  Weight was measured in twenty-four hour intervals 
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until the difference in mass was less than 0.05. 
 Figure 19 (above):  Detail salt encrustation before poultice application. 
 Figure 20 (below):  Group H disks after poultice treatment without salt encrustation. 
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6.6.3 Results    
The poultice successfully removed salt from all samples.  A greater percentage of 
salts were removed from the cubic samples (approximately 3%), most likely a function of 
the greater surface area.  Gravimetric analysis recorded in Appendix E is also supported 
by the visual change in the samples.  Most notable is the significant loss of surface salts. 
6.7 HCT application 
6.7.1  Objective 
The application of HCT to the samples tested the efficacy of the treatment as a 
preconsolidant under various conditions.  As a preconsolidant, HCT was applied to 
samples with five different variables.  The treatment will be applied to two sample groups 
treated with a prepared barium hydroxide solution: one sample group was contaminated 
with salts (group J) while the other was not (group I).  HCT was also applied to an 
untreated control group of Cordova Cream limestone (group K), and a group previously 
impregnated with a sodium nitrate and calcium sulfate dehydrate salts (group L).  The 
final variable included a sample group of poulticed salt-impregnated stones.  The 
different groups serve as points of comparison to note the efficacy of HCT treatments in a 
range of situations similar those at the Sacristy window.  Capillary absorption was the 
application method to ensure that all samples were treated with consistency. 
6.7.2 Methodology     
All of the samples were lightly brushed to attempt to remove efflorescence, 
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however the surface salts formed a well-adhered crust to sample surfaces.  The prepared 
samples were weighed and the mass recorded.  The samples were placed in the oven 
overnight and then weighed again to ensure mass stabilization.  Glass rods were placed in 
a container and HCT was filled just below the surface of the rods, so that the glass rods 
were not submerged in the solution.  The samples were treated in separate containers for 
salt-contaminated and control groups, so that salts would not contaminate the control 
samples.  The samples were weighed and then placed in the container one group at a time 
and the treatment was applied to the bottom surface by capillary rise.  The disks were 
placed on the rods and after four minutes the samples were flipped on to the opposite side 
for an additional four minutes.  The cubic samples were exposed for four minutes on all 
faces, for a total exposure time of twenty-four minutes, to ensure that the treatment 
penetrated into the sample core.  The sample group was then placed on a rack to dry for 
twenty four hours.  This process was repeated for each of the five groups.  After the 
samples were air-dried for twenty-four hours the capillary absorption treatment process 
was repeated.  The process was repeated until each sample group had five treatment 
applications with a twenty-four hour drying period between treatments.  Mass was 
recorded before each treatment application and twenty-four hours after the final fifth 
treatment. 
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6.7.3 Results   
It was visually apparent that the salt-
contaminated samples lost their outer salt 
layer after the first HCT application 
treatment.  The first HCT application on 
groups L and H left a visible residue on the 
bottom of the container, most likely salts 
that went into solution and were removed 
from the surface.  Upon air-drying the salts 
did not recrystallize into a crust on the outer 
layer, as they had done after salt-contamination.  The barium-treated samples lightened in 
color after the first HCT treatment, and did not darken after the 24-hour drying period.  
After HCT treatment they appeared visually similar to the control HCT-treated samples 
(group G).  All of the samples gained mass after each treatment.  All samples gained 
mass during each treatment application, however groups H and K gained the most in 
mass overall during the treatments.  Group H was poulticed and group K was the control 
sample stone. Gravimetric observations are recorded in Appendix E.
Figure 21:  HCT application process repeated 
for all sample groups. 
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 Figure 22 (top):  Group H disks after all five HCT applications. 
Figure 23 (bottom):  Detail of Sample J4 after all HCT applications, illustrates the removal of surface 
salts that occurred with all samples. 
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6.8 Scanning Electron Microscopy (SEM) 
6.8.1  Objective 
SEM analysis was chosen for a total of nine samples, two from the Sacristy 
Window and seven from the laboratory experiment.  All samples were studied using 
morphological analysis and Energy Dispersive Spectroscopy (EDS).  Analysis goals for 
the Sacristy Window limestone included component characterization:  S (gypsum), Ca 
(stone), Si (indication of applied coatings), and B (barium hydroxide treatment). 
Regarding the quarry samples, it was imperative to choose samples to serve as references 
to be able to identify treatments (Ba and S).  The samples chosen included control 
samples, salt-contaminated samples and treated samples.  (Table 10).  Surface topography 
was studied to ascertain the bonding of HCT to calcite crystals and the potential 
interference of salt-contamination. 
6.8.2 Methodology 
Samples obtained from the Sacristy Window were removed on-site in November 
and stored in glass vials.  The quarry cubic samples were chipped off the corners at 
different stages of Phase II experiments (after salt-contamination, after barium 
hydroxide-application, after poulticing, and after HCT application).  Each sample mount 
was prepared and covered with carbon tape and labeled with a black felt-tip marker.  A 
small dab of putty was placed on each mount to help adhere the sample to the surface.  
The lower surfaces were covered with carbon paint.  At the LRSM, the samples were 
covered with a thin coat of carbon in a vacuum chamber.  Dr. Jim Ferris was the 
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technician for operating the SEM and photographing the samples.
6.8.3  Results 
Table 11 records all of the observations noted while photographing each sample.  
HCT crystals were only noted on two of the seven laboratory samples.  Calcium tartrate 
tetrahydrate (CTT) was not able to be identified with EDS, so it was only possible to 
identify the CTT layer through physical observation of crystal morphology. All SEM 
photographs follow in the section of Figures preceding the Appendices. 
Chart 9:  EDS Results 
107  
Table 10:  SEM Results 
SEM
Sample
#
Laboratory
Sample # 
Experimental Stage 
of Sample 
Results
1 K5  
HCT treated CS 
Phase II testing 
After HCT treatment 
Appearance similar to G1 control sample.  
Indicates a problem with sampling or 
with application process.  CTT grains as 
seen on SEM sample #4 not identified. 
2 J4  
BaOH and HCT 
treated SS 
Phase II testing  
After BaOH and 
before HCT 
Appearance similar to G1 control stone.  
EDS also attempted and only found 
Calcium (no Barium).  Salts are not 
visible on the interior surface or the 
interior calcite matrix. 
3 J4 
BaOH and HCT 
treated SS 
Phase II testing 
After BaOH and 
HCT treatments 
Calcium carbonate grains visible.  
Pictures only taken at very high 
magnification.
4 H2 
Poultice HCT 
treated SS 
Phase II testing 
After HCT treatment 
CTT grains visible as tetrahedral prisms 
indicating successful application of HCT.  
CTT grains vary in size and have small 
cracks.  Salt crystals as seen in #8 appear 
on the surfaces of some of the CTT 
grains.  EDS conducted in an area of salt 
encrusted CTT grains and results indicate 
calcium carbonate and a small amount of 
Na (indicating Sodium nitrate). 
5 L6 
HCT treated SS 
Phase II testing 
After HCT treatment 
Similar in appearance to SEM sample #8, 
except that the surrounding rod-shaped 
crystals are absent on the perimeter of 
this sample.  The interior is similar, and 
does not have the prismatic CTT grains 
seen in SEM sample #4. 
6 D2 
Sacristy Window 
limestone sample 
Phase I testing 
Sample removed 
from window 
11/20/04 
Very similar appearance to SEM samples 
# 7 and 9.  Grain boundaries more distinct 
than SEM sample #7.  EDS only detected 
calcium carbonate crystals, though salts 
were found in semi-quantitative analysis. 
7 G1 
CS
Phase II testing 
No treatment  
Very fine to larger calcite crystals 
(ranging in size from 2 to 500 microns 
wide).  Smaller calcite crystals seen 
growing on the surfaces of larger calcite 
grains.  Similar appearance to SEM 
sample #6.  
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8 H2 
Poultice HCT 
treated SS 
Phase II testing 
After Salt-
Impregnation (before 
poultice and HCT) 
EDS on exterior crust of salts around 
stone found Na (indicates Sodium nitrate). 
EDS of center region of salts indicated 
small amounts of Na and S (indicates 
sodium nitrate and calcium sulfate).  Peak 
was slightly higher for Na. 
EDS of individual calcite crystal 
confirmed the morphology of calcite 
versus salt crystals. 
9 D2 
Sacristy Window 
limestone sample 
Phase I testing 
Sample removed 
from window 
11/20/04 
EDS indicated a strong peak of Sn and 
fairly strong peak of K, and smaller peaks 
of Si, Al, Fe, and Mg. 
10 D3 
Sacristy Window 
limestone sample 
Phase I testing  
Sample removed 
from window 
11/20/04 
Wax-like coating visible on entire surface 
of sample.  Coating is cracked in areas, 
but appears fairly thick.  EDS indicated 
strong peak of Si, a fairly strong peak of 
Al and smaller peaks of Mg, P, K, Fe, and 
Cl.  Si may be an indication of cement or 
water-repellent coating. 
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Chapter Seven:  Conclusion 
7.1 Experimental Conclusions 
Site observations and chemical analyses confirm that the deterioration of the basal 
limestone of the Sacristy Window is largely due to salt-contamination, mostly with 
gypsum.  The removal of salts would aid in mitigating the deterioration of the Sacristy 
Window limestone.  It is unlikely that the salt levels will continue to increase since 
contamination occurred when the stone was buried below grade before 1950.  This 
supposition is supported by the presence of gypsum in Central Texas, and the location of 
the semi-quantitative salt analysis performed in Phase II testing.  On average, sulfates 
were not found in the samples removed from higher locations of the lower Sacristy 
Window, thus ruling out pollution-related sources or cement repair materials. 
 The laboratory implementation of barium hydroxide as a sulfate immobilization 
technique in Phase II was not successful. During salt-contamination impregnation with a 
solution of sodium nitrate and calcium sulfate dihydrate was applied to the stone by 
capillary absorption.  The solubility of sodium nitrate is greater than that of calcium 
sulfate dihydrate, and accordingly sodium nitrate was the primary salt successfully 
impregnated into the stone.  The EDS of sample L6 (after salt-contamination) indicated 
that there was a slight peak of sulfur.  However EDS on sample J4 (after salt-
impregnation and barium hydroxide treatment) did not indicate sulfur or barium.  The 
lack of sulfur likely affected the ability of barium hydroxide to form barium sulfate as a 
  110 
salt immobilization technique.   
HCT was successfully applied to Sample groups H and K.  Group K was Cordova 
Cream limestone, composed of approximately 99% calcium carbonate, while Group H 
was salt-impregnated limestone that was desalinated with a poultice.  Secondary electron 
micrographs (back-scattered micrographs were not possible) of these samples provide 
images of the calcium tartrate tetrahydrate within the calcium carbonate matrix of the 
stone.  Because HCT is an aqueous solution, application allows the salts to go into 
solution.  An important consideration is the kinetics of salt hydrolysis and 
recrystallization.  The SEM micrographs indicate that there is salt recrystallization on the 
surface of the CTT layer formed by the HCT.  This formation suggests that the CTT 
bonded to the calcium carbonate crystals before the salts recrystallized, thus making HCT 
a likely candidate for treatment of the Sacristy Window limestone even in the presence of 
salts.  In addition, because HCT only targets calcium carbonate, it is a likely supposition 
that salts and other contaminants within the matrix can be removed subsequent to HCT 
treatment. 
7.2 Recommendations 
7.2.1.  Emergency Stabilization 
It is imperative to stabilize the Sacristy Window basal limestone, as the 
deterioration is rapidly progressing.  Salt-contamination, flaking, and delamination have a 
cause and effect relationship, as the recrystallization of salts disrupts the stone’s surface 
and results in flaking.  Emergency stabilization can be achieved by preconsolidation with 
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HCT.  Subsequent salt immobilization or desalination can then be achieved with the 
application of a barium hydroxide solution (to address gypsum) and poulticing (to 
address more soluble salts).  The supposition is that if barium hydroxide is applied after 
the HCT, excess barium cannot form barium carbonate and decrease the number of 
calcite grains available for HCT application. 
7.2.2.  Continued Testing 
Continuation of the performance-based experiments included in the Phase III 
experiments outlined in the thesis is proposed.  It is imperative to research the behavior of 
HCT in conjunction with salts, given that the product has only become commercially 
available in the past decade. It must be determined if the salt-contaminated samples can 
be effectively poulticed after HCT treatment.  Another experimental goal is to confirm 
that the HCT improves the efficacy of a subsequent ethyl silicate treatment.   
It is also imperative to continue to characterize the past repairs and treatments 
made to the Sacristy Window.  It was confirmed in sample D3 that a coating remains on 
the surface of the base of the Sacristy Window and probably accounts for the dark 
mottled appearance of the stone in the upper areas.  The presence of silicon was strongly 
confirmed with EDS, and may be evidence of an earlier applied waterproof coating.  It is 
possible that the presence of a previous coating may interfere with the efficacy of future 
consolidation treatments.   
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7.2.3.  Consolidation 
The results of the sample characterization, pathology and condition survey all 
indicate salt-contamination as the primary cause of deterioration.  Salt immobilization or 
desalination should be a primary component to an effective treatment plan for the 
Sacristy Window limestone.  The severity of the flaking and delamination dictate the 
need to choose a desalination method that does not require the heavy manipulation of the 
stone, or a method that first includes preconsolidation as described above (7.2.1).  A 
subsequent consolidation treatment would help to remedy the areas of flaking and 
delamination of the basal limestone followed by micro-injection grouting to stabilize 
cracks and large areas of detachment.   
7.2.4.  Continued Site Investigation 
During the past thirty years, there has been an effort to investigate the Sacristy 
and surrounding areas of the Mission to document drainage patterns.  This continued 
effort is crucial to continue to provide the best conditions possible for the Sacristy, 
Convento and other surrounding buildings.  Rising damp has been alleviated with the 
paving of the well bottom, however water is still able to penetrate the lower elements of 
the south Sacristy wall and reach the Sacristy Window by way of lateral capillary 
movement.  Regrading of the entire south wall should be studied and incorporated with a 
large-scale landscape project for the plaza area. 
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7.2.5.  Security 
In June of 2005, the Sacristy was broken in by way of the Sacristy Window.  The 
damage has not yet been assessed, but it is possible that areas of loss were incurred by 
this incident.  The window is only protected by a stone-paved well and low fence.  It 
would be prudent to reconsider the current railing arrangement as this provided elevated 
access into the Sacristy through the Sacristy Window. 
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FIGURES
120
Figure 24:  Sacristy Window, ca. 1890-1895. (Picture File, Mission San José Rose 
Window.  Daughters of the Republic of Texas Libray).  Note buried stonework. 
121
Figure 25:  Sacristy Window, ca. 1930.  (Picture File, Mission San José Rose Window.
N. H. Rose Collection.  Daughters of the Republic of Texas Library).  Note buried 
stonework.
122
Figure 26:  Mission San José Sacristy Window, K. McDowell 1997. 
123
Figure 27:  Mission San José Sacristy Window, J. Correia 2004. 
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Figure 28:  Sacristy Window, ca. 1912.  (Picture File, Mission San José Rose Window.
C. O. Lee, photographer.  Gift of Allen Richards).  Note buried stonework. 
125
Figure 29:  Mission San José Sacristy Window, J. Correia 2004. 
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Figure 30:  Sacristy Window base, K. McDowell 1997. 
Figure 31:  Sacristy Window base, J. Correia 2004. 
127
Figure 32:  Sacristy Window base, lower left, K. McDowell 1997. 
Figure 33:  Sacristy Window base, lower left, J. Correia 2004. 
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Figure 34:  Sacristy Window base, lower right, K. McDowell 1997. 
Figure 35:  Sacristy Window base, lower right, J. Correia 2004. 














143 
Appendix A 
A
pp
en
di
x 
A
145 
Appendix B 
C
al
ci
um
 S
ul
fa
te
 (C
aS
O
4)
 =
 C
al
ci
um
 S
ul
fa
te
 D
ih
yd
ra
te
 (C
aS
O
4.
2H
2O
)
147 
Appendix C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
14
8 
A
pp
en
di
x 
 C
-1
:  
C
al
cu
la
tio
ns
 fo
r 
C
on
tr
ol
 S
am
pl
e 
St
on
e 
C
ap
ill
ar
y 
A
bs
or
pt
io
n 
of
 D
ei
on
iz
ed
 W
at
er
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sa
m
pl
e 
G
ro
up
 G
, S
am
pl
e 
N
o.
 1
 (c
ub
e)
 
C
um
. T
im
e 
(m
in
.) 
1 
2 
3 
5 
7 
9 
12
 
15
 
20
 
25
 
30
 
40
 
50
 
60
 
10
0 
16
0 
18
0 
48
0 
14
40
 
28
80
 
43
20
 
Sq
. R
oo
t o
f T
im
e 
(m
in
.) 
1.
00
 
1.
41
 
1.
73
 
2.
24
 
2.
65
 
3.
00
 
3.
46
 
3.
87
 
4.
47
 
5.
00
 
5.
48
 
6.
32
 
7.
07
 
7.
75
 
10
.0
0 
12
.6
5 
13
.4
2 
21
.9
1 
37
.9
5 
53
.6
7 
65
.7
3 
(m
o)
 w
t. 
of
 d
ry
 
sa
m
pl
e 
(g
)
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
(m
i) 
w
t o
f s
am
pl
e 
tim
e 
(g
)
27
8.
93
 
27
9.
94
 
28
0.
51
 
28
2.
43
 
28
4.
11
 
28
5.
57
 
28
7.
25
 
28
8.
87
 
29
1.
16
 
29
3.
15
 
29
4.
97
 
29
8.
07
 
30
1.
24
 
30
2.
97
 
30
4.
38
 
30
4.
44
 
30
4.
63
 
30
4.
73
 
30
4.
84
 
30
5.
11
 
30
5.
32
 
(U
t)
 a
m
t. 
w
at
er
 
ab
so
rb
ed
(g
)
2.
91
 
3.
92
 
4.
49
 
6.
41
 
8.
09
 
9.
55
 
11
.2
3 
12
.8
5 
15
.1
4 
17
.1
3 
18
.9
5 
22
.0
5 
25
.2
2 
26
.9
5 
28
.3
6 
28
.4
2 
28
.6
1 
28
.7
1 
28
.8
2 
29
.0
9 
29
.3
0 
(S
) s
ur
fa
ce
 c
m
2
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
(M
i) 
w
at
er
 a
bs
or
be
d 
pe
r u
ni
t s
ur
fa
ce
 
(g
/c
m
2)
0.
11
 
0.
15
 
0.
17
 
0.
25
 
0.
31
 
0.
37
 
0.
43
 
0.
49
 
0.
58
 
0.
66
 
0.
73
 
0.
85
 
0.
97
 
1.
04
 
26
 
1.
09
 
1.
10
 
1.
10
 
1.
11
 
1.
12
 
1.
13
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sa
m
pl
e 
G
ro
up
 I,
 S
am
pl
e 
N
o.
 3
 (c
ub
e)
 
C
um
. T
im
e 
(m
in
.) 
1 
2 
3 
5 
7 
9 
12
 
15
 
20
 
25
 
30
 
40
 
50
 
60
 
10
0 
16
0 
18
0 
48
0 
14
40
 
28
80
 
43
20
 
Sq
. R
oo
t o
f T
im
e 
(m
in
.) 
1.
00
 
1.
41
 
1.
73
 
2.
24
 
2.
65
 
3.
00
 
3.
46
 
3.
87
 
4.
47
 
5.
00
 
5.
48
 
6.
32
 
7.
07
 
7.
75
 
10
.0
0 
12
.6
5 
13
.4
2 
21
.9
1 
37
.9
5 
53
.6
7 
65
.7
3 
(m
o)
 w
t. 
of
 d
ry
 
sa
m
pl
e 
(g
)
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
(m
i) 
w
t o
f s
am
pl
e 
tim
e 
(g
)
26
7.
56
 
26
9.
08
 
27
0.
17
 
27
1.
50
 
27
3.
14
 
27
3.
16
 
27
4.
93
 
27
6.
71
 
27
9.
10
 
28
1.
78
 
28
3.
23
 
28
6.
41
 
28
9.
66
 
29
2.
55
 
29
7.
76
 
29
7.
80
 
29
7.
83
 
29
8.
00
 
29
8.
29
 
29
8.
48
 
29
8.
81
 
(U
t)
 a
m
t. 
w
at
er
 
ab
so
rb
ed
(g
)
2.
88
 
4.
40
 
5.
49
 
6.
82
 
8.
46
 
8.
48
 
10
.2
5 
12
.0
3 
14
.4
2 
17
.1
0 
18
.5
5 
21
.7
3 
24
.9
8 
27
.8
7 
33
.0
8 
33
.1
2 
33
.1
5 
33
.3
2 
33
.6
1 
33
.8
0 
34
.1
3 
(S
) s
ur
fa
ce
 c
m
2
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
(M
i) 
w
at
er
 a
bs
or
be
d 
pe
r u
ni
t s
ur
fa
ce
 
(g
/c
m
2)
0.
11
 
0.
17
 
0.
21
 
0.
26
 
0.
33
 
0.
33
 
0.
39
 
0.
46
 
0.
55
 
0.
66
 
0.
71
 
0.
84
 
0.
96
 
1.
07
 
1.
27
 
1.
27
 
1.
28
 
1.
28
 
1.
29
 
1.
30
 
1.
31
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sa
m
pl
e 
G
ro
up
 K
, S
am
pl
e 
N
o.
 5
 (c
ub
e)
 
C
um
. T
im
e 
(m
in
.) 
1 
2 
3 
5 
7 
9 
12
 
15
 
20
 
25
 
30
 
40
 
50
 
60
 
10
0 
16
0 
18
0 
48
0 
14
40
 
28
80
 
43
20
 
Sq
. R
oo
t o
f T
im
e 
(m
in
.) 
1.
00
 
1.
41
 
1.
73
 
2.
24
 
2.
65
 
3.
00
 
3.
46
 
3.
87
 
4.
47
 
5.
00
 
5.
48
 
6.
32
 
7.
07
 
7.
75
 
10
.0
0 
12
.6
5 
13
.4
2 
21
.9
1 
37
.9
5 
53
.6
7 
65
.7
3 
(m
o)
 w
t. 
of
 d
ry
 
sa
m
pl
e 
(g
)
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
(m
i) 
w
t o
f s
am
pl
e 
tim
e 
(g
)
26
4.
94
 
26
6.
29
 
26
7.
46
 
26
9.
12
 
27
0.
56
 
27
1.
91
 
27
3.
62
 
27
5.
38
 
27
7.
67
 
27
9.
68
 
28
1.
65
 
28
5.
10
 
28
8.
07
 
29
0.
92
 
29
5.
70
 
29
5.
82
 
29
5.
88
 
29
6.
12
 
29
6.
30
 
29
6.
52
 
29
6.
82
 
(U
t)
 a
m
t. 
w
at
er
 
ab
so
rb
ed
(g
)
2.
89
 
4.
24
 
5.
41
 
7.
07
 
8.
51
 
9.
86
 
11
.5
7 
13
.3
3 
15
.6
2 
17
.6
3 
19
.6
0 
23
.0
5 
26
.0
2 
28
.8
7 
33
.6
5 
33
.7
7 
33
.8
3 
34
.0
7 
34
.2
5 
34
.4
7 
34
.7
7 
(S
) s
ur
fa
ce
 c
m
2
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
(M
i) 
w
at
er
 a
bs
or
be
d 
pe
r u
ni
t s
ur
fa
ce
 
(g
/c
m
2)
0.
11
 
0.
16
 
0.
21
 
0.
27
 
0.
33
 
0.
38
 
0.
45
 
0.
51
 
0.
60
 
0.
68
 
0.
75
 
0.
89
 
1.
00
 
1.
11
 
1.
29
 
1.
30
 
1.
30
 
1.
31
 
1.
32
 
1.
33
 
1.
34
 
M
i =
 (m
i-m
o(
g.
))
/S
, S
 =
 su
rf
ac
e 
ar
ea
 o
f s
am
pl
e 
in
 c
on
ta
ct
 w
ith
 g
la
ss
 ro
ds
 (c
m
2 )
,m
i =
 w
ei
gh
t o
f s
am
pl
e 
at
 ti
m
e 
(g
.),
 m
o 
= 
w
ei
gh
t o
f d
ry
 sa
m
pl
e 
(g
.),
 U
t =
 m
i –
 m
o.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
14
9 
C
al
cu
la
tio
ns
 fo
r 
C
on
tr
ol
 S
am
pl
e 
St
on
e 
C
ap
ill
ar
y 
A
bs
or
pt
io
n 
of
 D
ei
on
iz
ed
 W
at
er
, c
on
t.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Sa
m
pl
e 
G
ro
up
 G
, S
am
pl
e 
N
o.
 1
 (c
ub
e)
 
C
um
. T
im
e 
(m
in
.) 
57
60
 
72
00
 
86
40
 
11
52
0 
12
96
0 
14
40
0 
15
84
0 
17
28
0 
18
72
0 
20
16
0 
21
60
0 
23
04
0 
24
48
0 
27
36
0 
28
80
0 
Sq
. R
oo
t o
f T
im
e 
(m
in
.) 
75
.8
9 
84
.8
5 
92
.9
5 
10
7.
33
 
11
3.
84
 
12
0.
00
 
12
5.
86
 
13
1.
45
 
13
6.
82
 
14
1.
99
 
14
6.
97
 
15
1.
79
 
15
6.
46
 
16
5.
41
 
16
9.
71
 
(M
o)
 w
t. 
of
 d
ry
 
sa
m
pl
e 
(g
)
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
27
6.
02
 
(M
1)
 w
t o
f 
sa
m
pl
e 
tim
e 
(g
)
30
5.
56
 
30
5.
75
 
30
5.
91
 
30
6.
19
 
30
6.
40
 
30
6.
58
 
30
6.
61
 
30
6.
63
 
30
6.
77
 
30
6.
93
 
30
7.
06
 
30
7.
11
 
30
7.
25
 
30
7.
34
 
30
7.
39
 
(U
t)
 a
m
t. 
w
at
er
 
ab
so
rb
ed
(g
)
29
.5
4 
29
.7
3 
29
.8
9 
30
.1
7 
30
.3
8 
30
.5
6 
30
.5
9 
30
.6
1 
30
.7
5 
30
.9
1 
31
.0
4 
31
.0
9 
31
.2
3 
31
.3
2 
31
.3
7 
(S
) s
ur
fa
ce
 c
m
2
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
(M
1)
 w
at
er
 
ab
so
rb
ed
 p
er
 u
ni
t 
su
rf
ac
e 
(g
/c
m
2)
1.
14
 
1.
14
 
1.
15
 
1.
16
 
1.
17
 
1.
18
 
1.
18
 
1.
18
 
1.
18
 
1.
19
 
1.
19
 
1.
20
 
1.
20
 
1.
20
 
1.
21
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Sa
m
pl
e 
G
ro
up
 I,
 S
am
pl
e 
N
o.
 3
 (c
ub
e)
 
C
um
. T
im
e 
(m
in
.) 
57
60
 
72
00
 
86
40
 
11
52
0 
12
96
0 
14
40
0 
15
84
0 
17
28
0 
18
72
0 
20
16
0 
21
60
0 
23
04
0 
24
48
0 
27
36
0 
 
Sq
. R
oo
t o
f T
im
e 
(m
in
.) 
75
.8
9 
84
.8
5 
92
.9
5 
10
7.
33
 
11
3.
84
 
12
0.
00
 
12
5.
86
 
13
1.
45
 
13
6.
82
 
14
1.
99
 
14
6.
97
 
15
1.
79
 
15
6.
46
 
16
5.
41
 
 
(M
o)
 w
t. 
of
 d
ry
 
sa
m
pl
e 
(g
)
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
26
4.
68
 
 
(M
1)
 w
t o
f 
sa
m
pl
e 
tim
e 
(g
)
29
9.
25
 
29
9.
53
 
29
9.
72
 
29
9.
87
 
30
0.
01
 
30
0.
15
 
30
0.
23
 
30
0.
29
 
30
0.
41
 
30
0.
52
 
30
0.
62
 
30
0.
68
 
30
0.
71
 
30
0.
71
 
 
(U
t)
 a
m
t. 
w
at
er
 
ab
so
rb
ed
(g
)
34
.5
7 
34
.8
5 
35
.0
4 
35
.1
9 
35
.3
3 
35
.4
7 
35
.5
5 
35
.6
1 
35
.7
3 
35
.8
4 
35
.9
4 
36
.0
0 
36
.0
3 
36
.0
3 
 
(S
) s
ur
fa
ce
 c
m
2
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
 
(M
1)
 w
at
er
 
ab
so
rb
ed
 p
er
 u
ni
t 
su
rf
ac
e 
(g
/c
m
2)
1.
33
 
1.
34
 
1.
35
 
1.
35
 
1.
36
 
1.
36
 
1.
37
 
1.
37
 
1.
37
 
1.
38
 
1.
38
 
1.
38
 
1.
39
 
1.
39
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Sa
m
pl
e 
G
ro
up
 K
, S
am
pl
e 
N
o.
 5
 (c
ub
e)
 
C
um
. T
im
e 
(m
in
.) 
57
60
 
72
00
 
86
40
 
11
52
0 
12
96
0 
14
40
0 
15
84
0 
17
28
0 
18
72
0 
20
16
0 
21
60
0 
23
04
0 
24
48
0 
27
36
0 
28
80
0 
Sq
. R
oo
t o
f T
im
e 
(m
in
.) 
75
.8
9 
84
.8
5 
92
.9
5 
10
7.
33
 
11
3.
84
 
12
0.
00
 
12
5.
86
 
13
1.
45
 
13
6.
82
 
14
1.
99
 
14
6.
97
 
15
1.
79
 
15
6.
46
 
16
5.
41
 
16
9.
71
 
(M
o)
 w
t. 
of
 d
ry
 
sa
m
pl
e 
(g
)
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
26
2.
05
 
(M
1)
 w
t o
f 
sa
m
pl
e 
tim
e 
(g
)
29
7.
26
 
29
7.
62
 
29
7.
90
 
29
8.
14
 
29
8.
34
 
29
8.
42
 
29
8.
43
 
29
8.
47
 
29
8.
56
 
29
8.
71
 
29
8.
78
 
29
8.
85
 
29
8.
89
 
29
9.
08
 
29
9.
11
 
(U
t)
 a
m
t. 
w
at
er
 
ab
so
rb
ed
(g
)
35
.2
1 
35
.5
7 
35
.8
5 
36
.0
9 
36
.2
9 
36
.3
7 
36
.3
8 
36
.4
2 
36
.5
1 
36
.6
6 
36
.7
3 
36
.8
0 
36
.8
4 
37
.0
3 
37
.0
6 
(S
) s
ur
fa
ce
 c
m
2
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
(M
1)
 w
at
er
 
ab
so
rb
ed
 p
er
 u
ni
t 
su
rf
ac
e 
(g
/c
m
2)
1.
35
 
1.
37
 
1.
38
 
1.
39
 
1.
40
 
1.
40
 
1.
40
 
1.
40
 
1.
40
 
1.
41
 
1.
41
 
1.
42
 
1.
42
 
1.
42
 
1.
43
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
15
0 
A
PP
E
N
D
IX
 C
-2
:  
D
R
Y
IN
G
 C
A
L
C
U
L
A
T
IO
N
S 
O
F 
C
U
B
IC
 C
O
N
T
R
O
L
 S
T
O
N
E
 A
FT
E
R
 S
A
T
U
R
A
T
IO
N
 W
IT
H
 D
E
IO
N
IZ
E
D
 W
A
T
E
R
 
  
  
 
  
Sa
m
pl
e 
G
ro
up
 G
, S
am
pl
e 
N
o.
 1
 
 
  
(T
)C
um
. T
im
e 
(m
in
.) 
0 
2 
6 
12
 
20
 
40
 
60
 
90
 
12
0 
24
0 
60
0 
14
40
 
18
00
 
28
80
 
43
20
 
57
60
 
72
00
 
  
  
(T
) C
um
. T
im
e 
(h
rs
.) 
0.
00
 
0.
03
 
0.
10
 
0.
20
 
0.
33
 
0.
67
 
1.
00
 
1.
50
 
2.
00
 
4.
00
 
10
.0
0 
24
.0
0 
30
.0
0 
48
.0
0 
72
.0
0 
96
.0
0 
12
0.
00
 
  
  
(
T
) (
hr
s)
 
0.
00
 
0.
03
 
0.
07
 
0.
10
 
0.
13
 
0.
33
 
0.
33
 
0.
50
 
0.
50
 
2.
00
 
6.
00
 
14
.0
0 
6.
00
 
18
.0
0 
24
.0
0 
24
.0
0 
24
.0
0 
  
  
(m
o)
 w
t. 
of
 d
ry
 sa
m
pl
e 
(g
)
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
27
6.
04
 
  
  
(m
i) 
w
t o
f s
am
pl
e 
tim
e 
(g
)
30
7.
97
 
30
7.
94
 
30
7.
77
 
30
7.
53
 
30
7.
23
 
30
6.
13
 
30
5.
74
 
30
4.
78
 
30
3.
76
 
30
1.
71
 
29
3.
01
 
27
8.
19
 
27
7.
32
 
27
6.
14
 
27
6.
12
 
27
6.
09
 
27
6.
07
 
  
  
(U
o)
 to
ta
l w
at
er
 c
on
te
nt
 (g
)
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
31
.9
3 
  
  
(U
t)
 a
m
t. 
w
at
er
 a
bs
or
be
d(
g)
31
.9
3 
31
.9
0 
31
.7
3 
31
.4
9 
31
.1
9 
30
.0
9 
29
.7
0 
28
.7
4 
27
.7
2 
25
.6
7 
16
.9
7 
2.
15
 
1.
28
 
0.
10
 
0.
08
 
0.
05
 
0.
03
 
  
  
(S
) s
ur
fa
ce
 c
m
2
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
  
  
(Q
%
) r
es
id
ua
l w
at
er
 c
on
te
nt
10
0.
00
 
99
.9
1 
99
.3
7 
98
.6
2 
97
.6
8 
94
.2
4 
93
.0
2 
90
.0
1 
86
.8
1 
80
.3
9 
53
.1
5 
6.
73
 
4.
01
 
0.
31
 
0.
25
 
0.
16
 
0.
09
 
  
  
(
M
/M
%
) a
m
t w
at
er
 a
bs
or
be
d 
tim
e 
pe
r u
ni
t 
ar
ea
 (g
/c
m
2)
11
.5
7 
11
.5
6 
11
.4
9 
11
.4
1 
11
.3
0 
10
.9
0 
10
.7
6 
10
.4
1 
10
.0
4 
9.
30
 
6.
15
 
0.
78
 
0.
46
 
0.
04
 
0.
03
 
0.
02
 
0.
01
 
  
  
(U
t/S
) a
m
t. 
w
at
er
 a
bs
or
be
d 
pe
r a
re
a 
(g
/c
m
2)
1.
23
 
1.
23
 
1.
22
 
1.
21
 
1.
20
 
1.
16
 
1.
14
 
1.
11
 
1.
07
 
0.
99
 
0.
65
 
0.
08
 
0.
05
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
  
  
(Y
) r
el
at
iv
e 
m
oi
st
ur
e 
co
nt
.
1.
00
 
1.
00
 
0.
99
 
0.
99
 
0.
98
 
0.
94
 
0.
93
 
0.
90
 
0.
87
 
0.
80
 
0.
53
 
0.
07
 
0.
04
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
  
  
Y
0.
00
 
0.
00
 
0.
01
 
0.
01
 
0.
01
 
0.
03
 
0.
01
 
0.
03
 
0.
03
 
0.
06
 
0.
27
 
0.
46
 
0.
03
 
0.
04
 
0.
00
 
0.
00
 
0.
00
 
  
  
(
Y
/
T
)a
m
t. 
m
oi
st
ur
e 
lo
st
 p
er
  t
im
e
0.
00
 
0.
03
 
0.
08
 
0.
08
 
0.
07
 
0.
10
 
0.
04
 
0.
06
 
0.
06
 
0.
03
 
0.
05
 
0.
03
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
  
  
 m
oi
st
ur
e 
co
nt
. (
g/
cm
3)
 
0.
24
0 
0.
24
0 
0.
23
9 
0.
23
7 
0.
23
5 
0.
22
6 
0.
22
3 
0.
21
6 
0.
20
8 
0.
19
3 
0.
12
8 
0.
01
6 
0.
01
0 
0.
00
1 
0.
00
1 
0.
00
0 
0.
00
0 
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Sa
m
pl
e 
G
ro
up
 I,
 S
am
pl
e 
N
o.
 3
 
 
  
(T
)C
um
. T
im
e 
(m
in
.) 
0 
2 
6 
12
 
20
 
40
 
60
 
90
 
12
0 
24
0 
60
0 
14
40
 
18
00
 
28
80
 
43
20
 
57
60
 
72
00
 
86
40
 
10
08
0 
(T
) C
um
. T
im
e 
(h
rs
.) 
0.
00
 
0.
03
 
0.
10
 
0.
20
 
0.
33
 
0.
67
 
1.
00
 
1.
50
 
2.
00
 
4.
00
 
10
.0
0 
24
.0
0 
30
.0
0 
48
.0
0 
72
.0
0 
96
.0
0 
12
0.
00
 
14
4.
00
 
16
8.
00
 
(
T
) (
hr
s)
 
0.
00
 
0.
03
 
0.
07
 
0.
10
 
0.
13
 
0.
33
 
0.
33
 
0.
50
 
0.
50
 
2.
00
 
6.
00
 
14
.0
0 
6.
00
 
18
.0
0 
24
.0
0 
24
.0
0 
24
.0
0 
24
.0
0 
24
.0
0 
(m
o)
 w
t. 
of
 d
ry
 sa
m
pl
e 
(g
)
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
26
4.
62
 
(m
i) 
w
t o
f s
am
pl
e 
tim
e 
(g
)
30
1.
66
 
30
1.
52
 
30
1.
38
 
30
1.
17
 
30
0.
91
 
29
9.
93
 
29
9.
53
 
29
8.
89
 
29
8.
02
 
29
6.
21
 
28
9.
31
 
27
1.
32
 
26
8.
45
 
26
5.
10
 
26
5.
00
 
26
4.
75
 
26
4.
71
 
26
4.
68
 
26
4.
66
 
(U
o)
 to
ta
l w
at
er
 c
on
te
nt
 (g
)
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
37
.0
4 
(U
t)
 a
m
t. 
w
at
er
 a
bs
or
be
d(
g)
37
.0
4 
36
.9
0 
36
.7
6 
36
.5
5 
36
.2
9 
35
.3
1 
34
.9
1 
34
.2
7 
33
.4
0 
31
.5
9 
24
.6
9 
6.
70
 
3.
83
 
0.
48
 
0.
38
 
0.
13
 
0.
09
 
0.
06
 
0.
04
 
(S
) s
ur
fa
ce
 c
m
2
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
(Q
%
) r
es
id
ua
l w
at
er
 c
on
te
nt
10
0.
00
 
99
.6
2 
99
.2
4 
98
.6
8 
97
.9
8 
95
.3
3 
94
.2
5 
92
.5
2 
90
.1
7 
85
.2
9 
66
.6
6 
18
.0
9 
10
.3
4 
1.
30
 
1.
03
 
0.
35
 
0.
24
 
0.
16
 
0.
11
 
(
M
/M
%
) a
m
t w
at
er
 a
bs
or
be
d 
tim
e 
pe
r u
ni
t 
ar
ea
 (g
/c
m
2)
14
.0
0 
13
.9
4 
13
.8
9 
13
.8
1 
13
.7
1 
13
.3
4 
13
.1
9 
12
.9
5 
12
.6
2 
11
.9
4 
9.
33
 
2.
53
 
1.
45
 
0.
18
 
0.
14
 
0.
05
 
0.
03
 
0.
02
 
0.
02
 
(U
t/S
) a
m
t. 
w
at
er
 a
bs
or
be
d 
pe
r a
re
a 
(g
/c
m
2)
1.
42
 
1.
42
 
1.
41
 
1.
41
 
1.
40
 
1.
36
 
1.
34
 
1.
32
 
1.
28
 
1.
22
 
0.
95
 
0.
26
 
0.
15
 
0.
02
 
0.
01
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
(Y
) r
el
at
iv
e 
m
oi
st
ur
e 
co
nt
.
1.
00
 
1.
00
 
0.
99
 
0.
99
 
0.
98
 
0.
95
 
0.
94
 
0.
93
 
0.
90
 
0.
85
 
0.
67
 
0.
18
 
0.
10
 
0.
01
 
0.
01
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
Y
0.
00
 
0.
00
 
0.
00
 
0.
01
 
0.
01
 
0.
03
 
0.
01
 
0.
02
 
0.
02
 
0.
05
 
0.
19
 
0.
49
 
0.
08
 
0.
09
 
0.
00
 
0.
01
 
0.
00
 
0.
00
 
0.
00
 
(
Y
/
T
)a
m
t. 
m
oi
st
ur
e 
lo
st
 p
er
  t
im
e
0.
00
 
0.
11
 
0.
06
 
0.
06
 
0.
05
 
0.
08
 
0.
03
 
0.
03
 
0.
05
 
0.
02
 
0.
03
 
0.
03
 
0.
01
 
0.
01
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
 m
oi
st
ur
e 
co
nt
. (
g/
cm
3)
 
0.
27
8 
0.
27
7 
0.
27
6 
0.
27
5 
0.
27
3 
0.
26
5 
0.
26
2 
0.
25
8 
0.
25
1 
0.
23
8 
0.
18
6 
0.
05
0 
0.
02
9 
0.
00
4 
0.
00
3 
0.
00
1 
0.
00
1 
0.
00
0 
0.
00
0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
15
1 
D
R
Y
IN
G
 C
A
L
C
U
L
A
T
IO
N
S 
O
F 
C
U
B
IC
 C
O
N
T
R
O
L
 S
T
O
N
E
 A
FT
E
R
 S
A
T
U
R
A
T
IO
N
 W
IT
H
 D
E
IO
N
IZ
E
D
 W
A
T
E
R
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Sa
m
pl
e 
G
ro
up
 K
, S
am
pl
e 
N
o.
 5
 
 
  
C
um
. T
im
e 
(m
in
.) 
0 
2 
6 
12
 
20
 
40
 
60
 
90
 
12
0 
24
0 
54
0 
14
40
 
18
00
 
28
80
 
43
20
 
57
60
 
72
00
 
86
40
 
  
C
um
. T
im
e 
(h
rs
.) 
0.
00
 
0.
03
 
0.
10
 
0.
20
 
0.
33
 
0.
67
 
1.
00
 
1.
50
 
2.
00
 
4.
00
 
9.
00
 
24
.0
0 
30
.0
0 
48
.0
0 
72
.0
0 
96
.0
0 
12
0.
00
 
14
4.
00
 
  
T 
(h
rs
) 
0.
00
 
0.
03
 
0.
07
 
0.
10
 
0.
13
 
0.
33
 
0.
33
 
0.
50
 
0.
50
 
2.
00
 
5.
00
 
15
.0
0 
6.
00
 
18
.0
0 
24
.0
0 
24
.0
0 
24
.0
0 
24
.0
0 
  
(M
o)
 w
t. 
of
 d
ry
 sa
m
pl
e 
(g
)
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
26
2.
04
 
 
(M
1)
 w
t o
f s
am
pl
e 
tim
e 
(g
)
29
9.
81
 
29
9.
68
 
29
9.
49
 
29
9.
25
 
29
8.
95
 
29
7.
90
 
29
7.
01
 
29
6.
69
 
29
5.
75
 
29
3.
66
 
28
5.
79
 
26
6.
69
 
26
4.
73
 
26
2.
26
 
26
2.
17
 
26
2.
12
 
26
2.
09
 
26
2.
06
 
 
(U
o)
 to
ta
l w
at
er
 c
on
te
nt
 (g
)
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
37
.7
7 
  
(U
t)
 a
m
t. 
w
at
er
 a
bs
or
be
d(
g)
37
.7
7 
37
.6
4 
37
.4
5 
37
.2
1 
36
.9
1 
35
.8
6 
34
.9
7 
34
.6
5 
33
.7
1 
31
.6
2 
23
.7
5 
4.
65
 
2.
69
 
0.
22
 
0.
13
 
0.
08
 
0.
05
 
0.
02
 
  
(S
) s
ur
fa
ce
 c
m
2
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
26
 
  
(Q
%
) r
es
id
ua
l w
at
er
 c
on
te
nt
10
0.
00
 
99
.6
6 
99
.1
5 
98
.5
2 
97
.7
2 
94
.9
4 
92
.5
9 
91
.7
4 
89
.2
5 
83
.7
2 
62
.8
8 
12
.3
1 
7.
12
 
0.
58
 
0.
34
 
0.
21
 
0.
13
 
0.
05
 
  
(
M
/M
%
) a
m
t w
at
er
 a
bs
or
be
d 
tim
e 
pe
r u
ni
t 
ar
ea
 (g
/c
m
2)
14
.4
1 
14
.3
6 
14
.2
9 
14
.2
0 
14
.0
9 
13
.6
8 
13
.3
5 
13
.2
2 
12
.8
6 
12
.0
7 
9.
06
 
1.
77
 
1.
03
 
0.
08
 
0.
05
 
0.
03
 
0.
02
 
0.
01
 
  
(U
t/S
) a
m
t. 
w
at
er
 a
bs
or
be
d 
pe
r a
re
a 
(g
/c
m
2)
1.
45
 
1.
45
 
1.
44
 
1.
43
 
1.
42
 
1.
38
 
1.
35
 
1.
33
 
1.
30
 
1.
22
 
0.
91
 
0.
18
 
0.
10
 
0.
01
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
  
(Y
) r
el
at
iv
e 
m
oi
st
ur
e 
co
nt
.
1.
00
 
1.
00
 
0.
99
 
0.
99
 
0.
98
 
0.
95
 
0.
93
 
0.
92
 
0.
89
 
0.
84
 
0.
63
 
0.
12
 
0.
07
 
0.
01
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
  
Y
0.
00
 
0.
00
 
0.
01
 
0.
01
 
0.
01
 
0.
03
 
0.
02
 
0.
01
 
0.
02
 
0.
06
 
0.
21
 
0.
51
 
0.
05
 
0.
07
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
  
Y
/
T
am
t. 
m
oi
st
ur
e 
lo
st
 p
er
 ti
m
e
0 
0.
10
 
0.
08
 
0.
06
 
0.
06
 
0.
08
 
0.
07
 
0.
02
 
0.
05
 
0.
03
 
0.
04
 
0.
03
 
0.
01
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
 m
oi
st
ur
e 
co
nt
. (
g/
cm
3)
 
0.
28
4 
0.
28
3 
0.
28
2 
0.
28
0 
0.
27
8 
0.
27
0 
0.
26
3 
0.
26
1 
0.
25
3 
0.
23
8 
0.
17
9 
0.
03
5 
0.
02
0 
0.
00
2 
0.
00
1 
0.
00
1 
0.
00
0 
0.
00
0 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
m
o 
= 
sa
m
pl
e 
dr
ie
d,
 m
i =
 sa
m
pl
e 
at
 ti
m
e,
 U
o 
= 
to
ta
l w
at
er
 c
on
te
nt
, U
t =
 w
at
er
 c
on
te
nt
 a
t t
im
e,
 Y
= 
U
t/U
o,
 Q
%
 =
 (U
t/U
o)
*1
00
, 
 =
 U
t/V
ol
um
e 
(U
t/
D
*h
) f
or
 d
is
k 
an
d 
(U
t/c
m
3 )
 fo
r c
ub
e,
 S
 =
 su
rf
ac
e 
ar
ea
, (
M
/M
%
) =
 (U
t/m
o)
*1
00
 (p
or
os
ity
), 
T
= 
di
ff
er
en
ce
 in
 ti
m
e 
be
tw
ee
n 
tw
o 
su
bs
eq
ue
nt
 m
ea
su
re
m
en
ts
, 
Y
= 
di
ff
er
en
ce
 in
 re
la
tiv
e 
m
oi
st
ur
e 
co
nt
en
t. 
152 
Appendix D 
  153 
Appendix D-1:  Salt Solution Capillary Absorption Curves of Disk and Cube 
Samples
Sample Group H Capillary Absorption of Salt Solution
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Above graphs show the capillary absorption curves for the both disks and a cube sample 
in Group H.  Groups J and L produced similar curves. 
Cube Samples Capillary Absorption of Deionized Water* and Capillary Absorption of 
Salt Solution** 
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Above graph illustrates a comparison of control sample cubes and how they absorbed 
deionized water (G1, I3 and K5) versus salt solution (H2, J4 and L6). 
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Appendix E-1:  Gravimetric Observation after Poultice Treatment 
Appendix E-2:  Gravimetric Observations during Barium Hydroxide Treatment 
Barium Hydroxide Treatment 
Samp.
No. 
Mass
initia
l
Mass
Sat.
Mass
Air
Dry 
24h 
Mass
Air
Dry 
48h 
Mass
oven 
96 h 
Mass
120 h 
Mass
144 h 
Mass
168 h 
Mass
192 h 
Mass
216 h  
Mass
240 h 
Mass
264 h 
I3 264.66 306.11 296.93 294.54 283.2 280.5 280.41 280.35 280.15 280 279.91 279.84 
I25 71.58 79.77 77.42 76.9 74.88 74.83 74.81 74.78 74.7 74.64 74.59 74.54 
I26 82.55 89.67 88.11 87.75 86.13 85.51 85.33 85.24 85.19 85.15 85.13 85.12 
I27 78.58 84.51 83.08 82.75 81.19 80.87 80.83 80.79 80.73 80.68 80.65 80.63 
J4 286.17 315.63 311.55 310.68 307.1 304.77 303.59 301.78 300.43 299.18 298.04 297.17 
J28 86.78 90.94 89.5 89.23 88.24 87.76 87.56 87.35 87.22 87.15 87.12 87.1 
J29 89.97 94.22 92.96 92.71 91.83 91.39 91.19 90.97 90.83 90.71 90.64 90.6 
J30 77.48 82.83 81.08 80.76 79.13 78.48 78.29 78.17 78.13 78.11 78.11 78.11 
Note:  All mass recorded in grams, Sat.= saturated, h = hours. 
Samples I3 and J4 are 2” cubes and the remaining samples are 2” diameter disks. 
Sample
Initial 
Mass
Sample
Dry (g) 
Mass Sample 
Dry after salt-
contamination 
(g)
Mass of 
Salt
Introduced 
(g)
Percent
Salt per 
sample 
(%w/w) 
Mass
Sample
Dry after 
poultice 
(g)
Mass salt 
removed 
(g)
Percent
salt per 
sample 
after
poultice 
(%w/w) 
H2
(cube) 267.84 287.22 19.38 7.24 275.11 12.11 4.52
H22
(disk) 81.37 84.57 3.20 3.93 81.96 2.61 3.21
H23
(disk) 76.84 80.50 3.66 4.76 77.44 3.06 3.98
H24
(disk) 78.69 81.80 3.11 3.95 79.21 2.59 3.29
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Literature Review 
Source Article Stone Analysis Consolidant Conclusions Authors 
Conservation of 
Marble at the 
Façade of the 
Salzburg
Cathedral 
Alpine 
marble 
Laboratory 
experiment, 
Compressive 
strength test, 
SEM
Different 
concentrations of 
acrylic in solution 
added to silicon resin
Best results with 
PMMA (acrylic 
resin in solution 
mixed with silicon 
resin) 
Koller; 
Nimmrichter and 
Pashinger 
1996 
The
Conservation 
Problems of the 
Theatre of 
Eraclea Minoa 
Local
biocalcarenite 
cemented 
with gypsum 
Laboratory 
experiment; 
XRD, polarized 
light microscopy, 
SEM
Three commercial 
silicate esters 
Silicate ester would 
give fleeting 
results, ruin 
structure needs to 
be protected from 
contact with water 
Alaimo, et al 
1996 
Consolidation 
Effect of 
Wacker 
Silicones on the 
Properties of 
Sandy 
Limestone 
Limestone 
(fossil 
content) 
Laboratory 
experiment; 
SEM, mercury 
porosimetry, 
chemical 
weathering and 
biological 
weathering 
Wacker Chemie 
products 
(Wacker OH and 
Wacker-Silicone 290)
Wacker OH had 
better compressive 
strength, flexibility 
and % volume 
Hristova and  
Todorov 
The Influence of
Pre-
Consolidation 
on Ethyl Silicate 
on Soluble Salt 
Removal 
Limestone 
and sandstone 
Laboratory 
experiment; 
Sodium Sulphate 
impregnation and 
immersion in 
water, 
electrolytic
conductivity 
measured
everyday 
Funcosil-Steinfestiger 
products  
(SFOH, SF300 and 
SF510) 
Better able to 
remove salts after 
preconsolidation 
with SFOH and 
SF300, lower % 
volume 
Lukasizewicz and  
Jadwiga 
1996 
The Influence of
Stone 
Preconsolidation 
with Ethyl 
Silicate on Deep 
Consolidation 
Limestone 
Laboratory 
Experiment; 
Water
Absorption, 
Total Porosity 
tested w/ white 
spirit saturation 
Funcosil-Steinfestiger 
products  
(SFOH, SF300 and 
SF510) 
With varied 
concentrations and 
some mixed with 
acrylic resin 
SFOH had better 
penetration in 
limestone, deeper 
penetration was 
achieved in 
sandstone with 
SF300 
Lower viscosities 
worked best in 
preconsolidated 
stones
Lukasizewicz and  
Jadwiga 
1996 
Alkoxysilane 
Film Formation 
on Quartz and 
Calcite Crystal 
Surfaces
Calcite and 
Quartz 
Crystals
Laboratory 
experiment, 
Polarized light 
microscopy,
SEM, FTIR 
Alkoxysilane 
solutions (varied in 
water content, 
coupling agent, 
solvent content and 
catalyst type) 
Alkoxysilane 
systems in contact 
w/carbonates 
gelled faster; pH 
effected the 
adhesion and gel 
time.  
Goins, Wheeler, 
Segan and 
Wybyski 
1996 
  164 
Source Article Stone Analysis Consolidant Conclusions Authors 
A Comparitive 
Study of 
Alkoxysilanes 
and Acrylics in 
Sequence and in 
Mixture 
Limestone Laboratory Expemiment 
Sequence:  Ethyl 
silicate as consolidant 
and then B72EM/MA 
in toluene as 
adhesive, then 
MTMOS as water 
repellent 
Mixture:  Ethyl 
silicate as 
consolidant, then 
mixture of B72 
dissolved in MTMOS
Similar 
performance, but 
mixture was 
slightly more 
effective.  Based on 
site-specific
conditions, 
sequential 
application chosen. 
Matero and Oliver
1997 
Development 
and Assessment 
of a Conversion 
Treatment for 
Calcareous
Stone 
Graded 
marble 
aggregate, 
calcite
crystals and 
limestone 
cores
Laboratory 
Experiment; 
modified ASTM 
tests -total 
immersion, 
partial 
immersion, 
attachment tests 
of crystal faces, 
modulus of 
rupture and 
freeze/thaw 
weathering 
cycles
pH adjusted Tartaric 
acid conversion 
treatment, TEOS 
(Conservare  
OH ) 
The adjusted 
conversion 
treatment improved 
in strength and 
bonding, need 
more tests: micro-
abrasive studies on 
limestone and field 
testing 
Weiss
2000 
Review of 
Selected
Inorganic 
Treatments for 
Porous
Calcareous
Materials 
Limestone 
Marble  
Plaster
Review 
Tartaric Acid, 
Calcium compounds, 
Barium compounds 
and ammonium 
oxalate 
A result of an 
international forum 
on inorganic 
consolidants, they 
look promising in 
the lab, but 
effectiveness in the 
field has not been 
documented 
Hansen, Doehne, 
Fidler, Larson, 
Martin, Matteini, 
Rodriguez-
Navarro, Pardo, 
Price, Tagle, 
Teutonico, Weiss 
2003 
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B
barium hydroxide, 3, 4, 62, 63, 68, 69, 73, 96, 99, 101, 
105, 109, 111 
biogrowth, 20, 26, 27, 41 
burial, 32, 36, 39, 41, 48, 66 
C
calcite, 33, 34, 52, 55, 58, 59, 61, 67, 69, 73, 80, 105, 
111
calcium sulfate dihydrate, 3, 62, 71, 72, 109 
calcium tartrate tetrahydrate. See CTT 
condition assessment, 23 
consolidation, 1, 3, 50, 54, 57, 62, 64, 65, 69, 70, 73, 
74, 75, 76, 97, 111, 112 
Cordova Cream, 16, 70, 71, 73, 75, 79, 80, 89, 101, 
110
CTT, 4, 61, 69, 106, 110 
D
delamination, 2, 3, 7, 24, 26, 27, 31, 33, 37, 41, 42, 43, 
44, 48, 66, 67, 110, 112 
deterioration, 2, 3, 7, 11, 12, 13, 16, 20, 32, 41, 43, 44, 
48, 55, 62, 66, 68, 109, 110, 112 
E
ethyl silicate, 2, 52, 53, 54, 55, 57, 58, 59, 62, 64, 67, 
69, 70, 73, 74, 75, 111 
F
face-bedded, 24, 33, 48 
flaking, 2, 3, 7, 21, 23, 24, 25, 26, 27, 31, 33, 37, 41, 
42, 43, 44, 48, 61, 66, 67, 110, 112 
fossiliferous, 16, 23, 24, 25 
G
Geographic Information Systems. See GIS 
GIS, 2, 27, 44, 45, 46, 48 
grade, 11, 19, 21, 36, 41, 48, 109 
gypsum, 3, 39, 62, 63, 80, 87, 96, 105, 109, 111 
H
HCT, 2, 3, 4, 60, 62, 64, 67, 68, 69, 70, 71, 72, 73, 74, 
75, 76, 96, 97, 99, 101, 102, 103, 105, 106, 110, 
111
Hydroxilated Conversion Treatment, 2, 60 
L
limestone, 1, 2, 3, 4, 7, 16, 31, 32, 33, 41, 42, 44, 55, 
58, 59, 60, 62, 66, 67, 69, 70, 71, 74, 76, 79, 83, 
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